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      Hibiscus cannabinus L. (kenaf) was used as a host plant to study a plant virus 
Hibiscus chlorotic ringspot virus (HCRSV). The p23 is a novel open reading 
frame in the HCRSV which belongs to Family Tombusviridae Genus Carmovirus. 
The p23 was found to localize in the nucleus and a novel nuclear localization 
signal (NLS) was discovered. Any of the three basic amino acids mutations in the 
NLS region which abolished p23 nuclear localization also inhibit HCRSV long 
distance movement. HCRSV genome is also found to be present in the nucleus 
which was demonstrated by fluorescent in situ hybridization and highly purified 
nuclei. Generally, DNA viruses replicate within nucleus, while most RNA viruses, 
especially (+)-sense single-stranded RNA, replicate and are present within 
cytoplasm. The presence of (+)-sense single-stranded virus (non-retroviral) RNA 
genome in the nucleus contradicts to the common notion. The NLS of p23 
interacts with importin α and facilitates viral RNA genome to enter nucleus and 
was proven by RNA chromatin immunoprecipitation method. The reason for 
RNA genome present in the nucleus is that it was used to generate viral 
microRNAs (vir-miRNAs). One of the five predicted vir-miRNAs (hcrsv-miR-
H1-5p) was detected in HCRSV-infected kenaf leaves.  
     The interaction of HCRSV-CP and sulfite oxidase (SO), which in turn triggers 
sulfur enhanced defence (SED) in the kenaf was established. In both HCRSV-
infected and HCRSV-CP agro-infiltrated plant leaves, sulfur metabolism pathway 
related genes, namely SO, sulfite reductase (SIR) and APS kinase (APK) were 
upregulated.  A plausible relationship between SED and HCRSV infection was 
further examined. Disease resistance induced through elevated glutathione 
contents during HCRSV infection was found. The upregulation of SO was related 
to suppression of symptom development induced by sulfur treatment. MiR395, 
which targets genes ATP sulfurylase (ATPS) and sulfate transporter (SULTR), is 
the only reported microRNA (miRNA) to be involved in the sulfur metabolism 
pathway. The miR395 and its target genes ATPS and SULTR were found to be 
 xii 
 
upregulated or downregulated when SO was overexpressed or silenced, 
respectively.  
     The argonaute 1 (AGO1) gene was also upregulated upon SO overexpression 
which results from the interaction of HCRSV-CP and SO. Severe vegetative 
growth retardation and disruption of vascular bundles were observed in the 
HCRSV-infected plants. The gene transcript of AGO1 was also upregulated upon 
SO overexpression which is the consequence of the interaction between HCRSV-
CP and SO. In addition, the interaction between HCRSV-CP and AGO1 further 
indicates that the HCRSV-CP indirectly upregulates AGO1 by regulating SO 
overexpression. AGO1 feedback regulates plant conserved miRNAs, including 
miR165, miR167 and miR171. Downregulation of AGO1 and scarecrow-like 
protein 1 (SCL1) by miR168 and miR171 are significantly correlated to growth 
retardation of HCRSV-infected plants.  
       In conclusion, we have demonstrated the presence of a (+)-sense single-
stranded viral RNA within nucleus where viral miRNAs are produced and the 
interaction of a viral protein and host protein to trigger SED in plants. It will be 
interesting if such interaction also applies generally to other host-pathogen 
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Chapter 1 Literature Review 
 
1.1 Plant virus and its infection 
      Tabacco mosaic virus (TMV) was the first plant virus to be purified in 1935 
by Stanley (Zaitlin, 1998). Since then, plant virologists paid more attentions to 
this plant pathogen because of the great loss caused to plants, especially for the 
crops in the agricultural counties. It is well known that virus infection can disrupt 
the physiology development of plant hosts, causing disease symptoms and 
developmental abnormalities (Culver and Padmanabhan, 2007). These 
phenomena may involve the host-virus interaction in the process of invasion, 
replication, movement and suppression of gene silencing. To respond virus 
infection, plants also explore various response strategies for competing viral 
infection (Elena and Rodrigo, 2012).  
1.1.1 Plant virus pathogenesis 
      A pathogen is a disease causal agent that follows Koch’s postulates. It should 
be consistently observed in the infected host, be reproduced the same symptoms 
and re-isolated from the infected host. For a plant virus infecting its host, its initial 
step is to enter a plant cell which contains impermeable cell walls consisting of 
cellulose and pectin. To counter this barrier, plant viruses have to rely on other 
methods to enter their host cells. The first one is via mechanical injury (Huijberts 
et al., 1990). The second one is via transmission through vectors such as insects, 
nematodes or fugal parasites (Brown et al., 1995; Campbell, 1996). The third one 
is via seed-transmitted, vegetative propagation or pollens (Mink, 1993). The 
fourth one is via grafting (Damsteegt et al., 2004). Nevertheless, the ability of 
viruses causing disease depends on the interactions between host and viruses. 
These interactions can directly affect virus replication, cell-to-cell movement and 
systemic long distance movement, symptoms development and the response of 
host defense (Carrington and Whitham, 1998). Firstly, plant viruses cause local 
symptom in plant. Then they spread to neighboring cells and host vascular system 
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via viral movement proteins and formation of tubular structures (Vanlent et al., 
1991), leading to systemic infection. Plasmodesmata-localized protein mediated 
crosstalk between cell-to-cell communication and innate immunity (Wolf et al., 
1989; Lee et al., 2011). Usually, the growth retardation and distortion caused by 
plant virus infection are detrimental because of resulting loss of crop yield. 
     After RNA virus infection, extensive membrane and organelle rearrangements 
have been observed in plant cells. The modifications associated with various 
organelles such as the endoplasmic reticulum and peroxisomes (Schwartz et al., 
2004; Zhang and Wong, 2009). These virus-induced organelles house the viral 
RNA replication complex which provides viral RNA translation and cell-to-cell 
virus transport (Laliberte and Sanfacon, 2010).   
     For host plants, they also possess defence system to combat pathogenic 
processes. The most intensely studied plant defense mechanism is hypersensitive 
reaction (HR), which causes localized cell death at the site of infection and 
inhibits the spread of viruses (Baker et al., 1997). In addition, plant resistance and 
cell death induced HR can be uncoupled (Cole et al., 2001). The HR is triggered 
by the interaction of plant resistance (R) gene with products of virus-encoded 
avirulence (avr) genes and the identified R gene are N gene in Nicotinana 
varieties (Whitham et al., 1996), Rx gene in potato (Kohm et al., 1993; 
Bendahmane et al., 1999)  and HRT gene in Arabidopsis thaliana (Cooley et al., 
2000).  
      Hibiscus chlorotic ringspot virus (HCRSV) was firstly identified in a hibiscus 
cultivar which was imported from EI Salvador into the United States (Waterworth, 
1980). Since then, the virus has been reported in most countries where hibiscus is 
cultivated. Hibiscus is distributed worldwide and it is an important ornamental 
plant in Singapore. The symptoms on HCRSV infected plants range from a 
generalized mottle to chlorotic ring spots and vein-banding patterns. Many virus-
infected hibiscus hybrids grown in the tropic as ornamental plants showed severe 
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stunting and flower distortion. HCRSV has a (+)-sense single strand RNA of 3911 
nt. 
1.2 Host-virus interaction 
     “Nothing in biology makes sense except in the light of evolution” is a famous 
assay written by T. Dobzhansky in 1973. The high mutation rates, rapid 
replication times and large population sizes of viruses impart them with a 
remarkable evolutionary potential. The construction of a molecular model that 
confines physical interactions established between the components of the host cell 
and virus is the foundation of the emerging discipline of systems virology (Tan et 
al., 2007; Bailer and Haas, 2009). Using this model, we can understand how the 
virus manipulates the host resources in its own benefit, and what the actions it 
achieves for shunting host defenses (Whitham and Wang, 2004; Culver and 
Padmanabhan, 2007; Dodds and Rathjen, 2010; Elena et al., 2011). Furthermore, 
the own proteins and small RNAs of a virus interact and compete in replication 
cycle (Guo et al., 2001), and these interactions may create new paths to 
communicate separated cellular functions, leading to the appearance of novel 
properties of the system (Uetz et al., 2006). To study how viral perturbations 
propagate and produce the genetic and metabolic profiles associated to disease 
symptoms, regulatory, interaction and metabolic models of the host cell were 
required (Navratil et al., 2011; Gulbahce et al., 2012). A computational 
framework will be provided for the relative study of diverse viral strategies and 
for making predictions of infections outcomes after specific mutations introduced 
into viral genome. Furthermore, future antiviral therapies will also be improved 
which blocks the interaction of a viral protein with cellular target, or interferes 
with host cell network to counteract the virus effect (Elena and Rodrigo, 2012).   
     It is plausible that fast and easy screening techniques facilitate us to enlarge the 
list of interactors between host and virus (Nagy, 2008) and thus put forward a 
more precise description of the integrated molecular model. A systems biology 
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approach will shed light on the intricate mechanisms operating during plant-virus 
co-evolution (Pagan et al., 2010).  
      Kenaf (Hibisicus cannadinus L.) was used as a host to study HCRSV. From 
our earlier findings, a complete HCRSV coat protein (CP) is shown to be involved 
in pathogenicity and it is a gene-silencing suppressor (Meng et al., 2006). Using 
yeast two-hybrid system screening, the kenaf sulfite oxidase (SO) gene was found 
to interact with HCRSV-CP. The interaction was associated with peroxisomes, 
which were observed to aggregate in HCRSV-infected cells (Zhang and Wong, 
2009). 
 
1.3 Sulfur enhanced defense 
      Sulfur, like nitrogen, phosphorus, and potassium, is an essential element for 
plant growth. It is also one of the macronutrients for plants and plays critical roles 
in catalytic and electrochemical functions of biomolecules in the cell. Sulfur is 
found in cysteine, glutathione, vitamins and cofactors, which will protect plants 
from oxidative and environmental stresses (Yi et al., 2010). It is referred to as 
sulfur-induced resistance or sulfur-enhanced-defense (SIR/SED). It has been 
found that activation of cysteine and glutathione metabolism is related to 
SIR/SED during a compatible plant-virus interaction (Yi et al., 2010). There are 
three different genes related to pathogenesis and sulfur metabolism, namely 
adenosine 5′ -phosphosulfate reductase (APR); γ-glutamyl cysteine synthetase 
(GSH1) and pathogenesis-related gene 1a (PR-1a) (Holler et al., 2010).  
 
1.4 MicroRNAs and viral microRNAs  
      MicroRNAs (miRNAs) are small (19-24 nts), endogenously expressed, and 
non-protein coding RNAs that have negative regulatory function on gene 
expression via post-transcriptional inhibition and cleavage (Bartel, 2004). Plant 
miRNAs are generated in the nucleus, rather than in the cytoplasm (Kidner and 
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Martienssen, 2005). Many miRNAs are well conserved in plants, and 
environmental stress may generate the signals for synthesis and regulation of 
miRNAs (Zhang et al., 2006a). Most plant miRNAs target genes are transcription 
factors which play an important role in defense responses (Navarro et al., 2006; 
Mlotshwa et al., 2008). A recent report showed that a mobile miR394 signal 
produced by the surface cell layer, confers stem cell competence to the distal 
meristem by repressing the F box protein LEAF CURLING RESPONSIVENESS 
(Knauer et al., 2013). 
       Viral microRNAs (Vir-miRNAs) modulate viral and host gene expression 
(Sullivan and Ganem, 2005). They may be produced by viral RNA-dependent 
RNA polymerases, especially for viruses that replicate in the host nucleus (Lu et 
al., 2008). Since the first report of vir-miRNA encoded by the Epstein-Barr virus 
(EBV) (Pfeffer et al., 2004), several vir-miRNAs have been discovered 
(Bennasser et al., 2004; Cai et al., 2005; Sullivan et al., 2005). However, there is 
no report on vir-miRNAs derived from RNA viruses. Previously it has been 
shown that a single transcript containing both the protein-coding region and 
miRNA sequence can be translated to produce a protein and miRNA 
simultaneously (Allen et al., 2004). For example, in humans, luciferase protein 
and miR-21 RNA are generated at the same time (Cai et al., 2004).  
 
1.5 Nuclear localization signal 
      A nuclear localization signal (NLS) is an amino acid sequence which serves as 
a 'tag' on the exposed surface of a protein. This sequence is used to target the 
protein to the cell nucleus through the nuclear pore complex. Typically, the NLS 
consists of one or more short sequences of positively charged lysines or arginines. 
Different nuclear localized proteins may share the same NLS. The first discovered 
NLS is the sequence PKKKRKV in SV40 Large T-antigen (Kalderon et al., 
1984b). The NLS of nucleoplasmin, KR[PAATKKAGQA]KKKK, is the 
prototype of ubiquitous bipartite signal which consists of two clusters of basic 
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amino acids, separated by a spacer of about 10 amino acids (Dingwall et al., 
1988). Both signals are recognized by importin α which contains a bipartite NLS 
and is specifically recognized by importin β. The latter can be considered the 
actual import mediator. The consensus sequence K-K/R-X-K/R was proposed for 
monopartite NLSs (Dingwall et al., 1988). This monopartite NLSs sequences may 
be part of bipartite NLS.    
      Proteins gain entry into the nucleus through the nuclear envelope, which 
consists of concentric membranes, the outer, the inner membrane, pores and large 
nuclear complexes. These are the gateways to the nucleus. A protein translated 
with a NLS will bind strongly to importin (aka karyopherin), and the complex will 
move through the nuclear pore (Fried and Kutay, 2003; Mosammaparast and 
Pemberton, 2004; Suel and Chook, 2009). At this point, Ran-GTP will bind to the 
importin-protein complex, and its binding will cause the importin to lose affinity 
for the protein. The protein is released, and now the Ran-GTP/importin complex 
will move back out of the nucleus through the nuclear pore. A GTPase activating 
protein (GAP) in the cytoplasm hydrolyzes the Ran-GTP to GDP, and this causes 
a conformational change in Ran, ultimately reducing its affinity for importin. 
Importin is released and Ran-GDP is recycled back to the nucleus where a 
Guanine nucleotide exchange factor (GEF) exchanges its GDP back for GTP 
(Gorlich and Kutay, 1999; Chook and Blobel, 2001; Weis, 2003). Furthermore, 
exporting proteins out of the nucleus is programmed by a nuclear export signal 
(Silver, 1991). 
 
1.6 Virus movement 
      Bacteria, fungi, nematodes and viruses are the major plant pathogen groups. 
Among them, viruses are unique because they live exclusively in the symplast of 
their host (Schoelz et al., 2011). This “lifestyle” requires that plant viruses move 
between cells to re-initiate infections in order to accumulate sufficient tissues to 
guarantee their survival (Schoelz et al., 2011). Thus, movement to intercellular 
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cells (cell-to-cell) and vascular tissues (systemic movement) is essential for virus 
infection in plants. Systemic infection of plant virus involves local cell-to-cell 
movement through plasmodesmata, which is the symplasmic tunnels between 
cells that are the gateway for this movement, and long-distance movement 
through the vascular tissues after replication in initially infected cells. One class 
of protein encoded in every virus genome is the movement protein required for 
virus intercellular movement and to modify plasmodesmata. There are two 
distinct proposed mechanisms for viral cell-to-cell movement through 
plasmodesmata. One is that the formation of MP-nucleoprotein complex via MP 
interaction with the viral nucleic acids and increase of plasmodesmata size 
exclusion limit via MP interaction with the host cellular machinery  (Wolf et al., 
1989; Fujiwara et al., 1993; McLean et al., 1997; Lough et al., 1998; Huang et al., 
2000; Lough et al., 2000). The other is transporting of intact virion via 
conjunction with the formation of tubular structures that are made of virus-
encoded MP and extend to the cytoplasm of adjacent uninfected cells (Kasteel et 
al., 1997; Zheng et al., 1997; Pouwels et al., 2003; Pouwels et al., 2004).  
      Besides viral proteins, cellular components and the cytoskeleton of plant cells 
have also been identified to be involved in cell-to-cell movement. A cell wall-
associated protein pectin methylesterases which specifically binds to TMV CP has 
been shown to be required for the TMV cell-to-cell movement (Chen et al., 2000). 
MP-associated microtubules and microfilaments play significant role in virus 
movement (Zambryski, 1995; Boyko et al., 2002; Heinlein, 2002). In addition, a 
direct correlation between MP and microtubules has also been demonstrated in 
TMV (Kahn et al., 1998; Mas and Beachy, 2000). Viruses from several of 
families were shown to require CP in addition to the MP for intercellular 
movement (Lough et al., 2000; Fedorkin et al., 2001; Bendahmane et al., 2002).  
      After the cell-to-cell movement, plant virus has to enter the phloem to allow 
long-distance transport into other parts of the plants to accomplish its systemic 
infection. The MP (Fenczik et al., 1995), 126 kDa and 183 kDa replicase proteins 
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of TMV (Derrick et al., 1997), helper component proteinase (HC-pro) protein of 
potyvirus (Cronin et al., 1995), the 2b protein of cucumber mosaic virus (CMV) 
(Ding et al., 1994) and p19  of tomato bushy stunt virus (TBSV) (Scholthof et al., 
1995) have been shown to have specific functions in long-distance movement. 
 
1.7 MiRNA related plant development and gene silencing 
suppressor 
      In the following review, firstly, plant miRNA related to plant development 
will be discussed, and then miRNA related to biotic stress responses in plants will 
be mentioned. Lastly, viruses encoded suppressors of gene silencing which play 
important roles in plant development and RNA-induced gene silencing complex 
pathways will be demonstrated. These will be used to demonstrate the mechanism 
of HCRSV infection causing plant growth retardation.    
       Mutants impaired in small RNA biogenesis or formation is the first evidence 
that small RNAs play roles in plant development (Jones-Rhoades et al., 2006). 
Several targets of miRNAs, including Dicer-like proteins (DCL), Argonaute 1 
(AGO1), RNA methylase HUA ENHANCER 1 (HEN1) and HYL, were first 
identified in plants based on the developmental consequences of their mutations. 
The most severe dcl1 mutants result in early embryonic arrest, and even partial 
loss-of-function mutants result in pleiotropic defects, including abnormalities in 
floral organogenesis, leaf morphology, and axillary meristem initiation (Schauer 
et al., 2002). Mutants ago1, ben1, byl1 and bst mutants all have pleiotropic 
developmental defects that have similarities to those of hypomorphic dcl1 plants 
(Bohmert et al., 1998; Telfer and Poethig, 1998; Lu and Fedoroff, 2000; Chen et 
al., 2002; Morel et al., 2002). However, Mutations in miRNA biogenesis result in 
misregulation of abundant miRNA targets, making it difficult to allocate the 
experimental phenotypes to any particular miRNA family (Vazquez et al., 2004). 
Fortunately, the simplicity with which transgenic Arabidopsis can be generated 
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makes it possible to investigate particular miRNA/target interactions through two 
reverse genetic strategies (Jones-Rhoades et al., 2006). The first is to make 
transgenic plants which overexpress a miRNA, typically under the control of 
strong 35S promoter (Jones-Rhoades et al., 2006). The second strategy is to make 
transgenic plants which express a miRNA-resistant version of a miRNA target, in 
which silent mutations have been introduced into the miRNA complementary site 
that disrupt miRNA-mediated regulation without changing the encoded protein 
product (Jones-Rhoades et al., 2006). Thus, the function of many miRNAs and 
their target genes are well studied. 
     One of the well-studied families of miRNA targets is the class 
III homeodomain leucine zipper class 
McConnell and Barton, 1998
(HD-ZIP) transcription factor family. The 
significance of miR166 for the appropriate regulation of this gene class is 
underscored by the numerous dominant gain-of-function alleles that map to the 
miR166 complementary sites of HD-ZIP mRNAs ( ; 
McConnell et al., 2001; Emery et al., 2003; Juarez et al., 2004; Zhong and Ye, 
2004). Dominant phb and phv mutations adaxialize leaves and overaccumulate 
PHB or PHV mRNA (McConnell and Barton, 1998; McConnell et al., 2001), 
while dominant rev mutations result in radicalized vasculature (Emery et al., 2003; 
Zhong and Ye, 2004). Regulation of APETALA2 (AP2) and related AP2-like 
genes mediated by miR172 is desirable for proper requirement of organs during 
floral development (Aukerman and Sakai, 2003; Chen, 2004). Plants that 
overexpress miR172 have floral defects which resemble ap2 loss-of-function 
mutants, such as the absence of petals and transformation of sepal into carpels 
(Aukerman and Sakai, 2003; Chen, 2004). Different from most miRNA families 
which target a single class of genes, the miR159/319 family can regulate both 
MYB and TCP transcription factors (Palatnik et al., 2003). Overexpression of 
miR319, which specifically downregulates TCP mRNAs, results in plants with 
uneven leaf shape and delayed flowering time (Palatnik et al., 2003). 
Overexpression of miR159a reduces MYB mRNA accumulation and causes male 
sterility (Achard et al., 2004; Schwab et al., 2005). Thus, miR159a and miR319, 
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which differ at only three nucleotides, are related miRNAs that can target 
unrelated mRNAs (Palatnik et al., 2003). Besides the miRNAs that target 
transcription factors, two miRNA families target genes central to miRNA 
biogenesis and function; miR162 targets DCL1 (Xie et al., 2003), and miR168 
targets AGO1 (Rhoades et al., 2002; Vaucheret et al., 2004). The miRNA 
targeting of DCL1 and AGO1 indicates a feedback mechanism whereby miRNAs 
negatively regulate their own activity. Remarkably, even though plants expressing 
miR168-resistant AGO1 overaccumulate AGO1 mRNA as expected, they also 
overaccumulate numerous other miRNA targets and display developmental 
defects that have some similarity with those of dcl1, hen1, and hyl1 loss-of-
function mutants (Vaucheret et al., 2004). This suggests that a large 
overabundance of AGO1 inhibits, rather than promotes, RNA induced silencing 
complex (RISC) activity (Vaucheret et al., 2004). 
      MiRNA, in addition to the close relationship with plant development, it is also 
regulated by host. Small RNA pathway components, including DCLs, double-
stranded RNA (dsRNA) binding protein, RNA-dependent RNA polymerase 
(RDRs), small RNA methyltransferase HEN1, and AGO proteins, contribute to 
plant immune responses (Katiyar-Agarwal and Jin, 2010). A number of miRNAs 
have been linked to biotic stress responses in plants. The miRNAs play essential 
role when infected by different types of pathogens such as bacteria, fungi, and 
viruses. Regarding host miRNAs responding to viral infection, bra-miR158 and 
bramiR1885 were greatly upregulated when Brassica rapa was infected by Turnip 
mosaic virus (TuMV) (He et al., 2008). The stimulation of bra-miR158 and bra-
miR1885 is greatly specific to TuMV infection because infection of B. rapa and B. 
napus with Cucumber mosaic virus or TMV, had no such effects (He et al., 2008). 
      More and more studies have revealed that many host miRNAs and siRNAs are 
induced or suppressed by different pathogen challenges and that modulation of 
miRNA and siRNA levels plays an vital role in gene expression reprogramming 
and fine-tuning plant responses against a wide range of pathogens (Katiyar-
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Agarwal and Jin, 2010). These pathogen-responsive small RNAs induce 
posttranscriptional gene silencing by guiding mRNA cleavage/degradation or 
translational repression, or may guide transcriptional gene silencing by direct 
DNA methylation or chromatin modification. As a countermeasure, viruses and 
bacteria have evolved VSRs and BSRs to suppress host RNAi machinery and 
compromise disease resistance in plants. 
      Many viruses encode specific proteins that suppress the host antiviral 
silencing response and thereby benefit viral infection. It was reported that 
suppressor proteins can block host RNA silencing at various stages of the RNA 
silencing pathways and the molecular mechanisms of some silencing suppressors 
have been demonstrated. Among these silencing suppressors, p19, p21 and HC-
Pro may function by forming head-to-tail homodimers that sequester siRNA 
duplexes and prevent them from entering the RISC (Vargason et al., 2003; Ye et 
al., 2003; Ye and Patel, 2005; Lakatos et al., 2006). Cucumber mosaic virus 2b 
protein is reported to interact directly with AGO1 and block its cleavage activity 
to inhibit miRNA pathways and attenuate RNA silencing (Zhang et al., 2006c). 
Tomato yellow leaf curl virus V2 protein suppresses gene silencing through its 
interaction with host Suppressor of gene silencing 3 (SGS3) protein (Glick et al., 
2008). The function of a gene silencing suppressor HCRSV coat protein (CP) in 
RNA induced silencing pathway is not clear yet.   
       HCRSV CP is able to suppress the transiently expressed sense-RNA-induced 
posttranscriptional gene silencing (PTGS) in Nicotiana benthamiana (Meng et al., 
2008). The HCRSV CP-transgenic Arabidopsis showed several developmental 
abnormalities: elongated, downwardly curled leaves and a lack of coordination 
between stamen and carpel, resulting in reduced seed set. These abnormalities are 
similar to those mutations of the genes of Arabidopsis RNA-dependent 
polymerase 6 (rdr6), SGS3, ZIPPY (zip) and dicer-like 4 (dcl4) (Meng et al., 
2008). Genetic crossing of CP transgenic Arabidopsis with an amplicon-silenced 
line (containing a potato virus X-green fluorescent protein transgene under the 
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control of the 35S cauliflower mosaic virus promoter) suggested that HCRSV-CP 
possibly interfered with gene silencing at a step after RDR6. The reduced 
accumulation of ta-siRNA might result from the interference of HCRSV-CP with 
DCL protein(s), responsible for the generation of dsRNA in ta-siRNA biogenesis 
(Meng et al., 2008). However, the underlying mechanism for HCRSV-CP 
involving in the RNA-induced silencing pathway which can regulate plant 
development by interfering with miRNAs is not clear. 
 
1.8 Rationales and objectives of this thesis research     
      The interaction between HCRSV-CP and SO and upregulation of SO is 
known after HCRSV infection of kenaf plant. Why there are interactions between 
HCRSV-CP and SO and the downstream outcomes for these interactions are still 
unknown. In addition, a novel ORF p23 in HCRSV, which belongs to Family 
Tombusviridae Genus Carmovirus, is predicted to be a transcription factor that is 
indispensable for host-specific replication. The overall aim of this study is to 
investigate the additional functions of p23 and CP of HCRSV. 
 The specific aims of this study include: 
 (1) To determine and investigate the subcellular localization of p23. The presence 
of a positive-strand RNA virus HCRSV genome is in the nucleus, where viral 
miRNAs are generated.  
(2) Functional study of p23 which is involved in HCRSV long distance movement. 
(3) To study HCRSV infection which is closely related to sulfur induced 
resistance. 
(4) To study the correlation of miRNAs and HCRSV infection, causing plant 
growth retardation.  
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     The results of the underlying mechanism between the interaction of HCRSV 
and kenaf may contribute to a better understanding of plant pathogen infection 
affecting plant development. Unraveling the possible reasons of plant virus 
infection affecting plant development should be useful for research on plant 
immunity. All this information should also be useful for further investigation of 
host-pathogen interaction study. The results obtained in this study are limited to 
prove the phenomenon which is applied to other pathogens such as bacteria and 
fungi.  
     In order to achieve the objectives mentioned above, Agrobacterium mediated 
transient expression and transgenic plants approaches were used to investigate the 
subcellular localization of p23 and verification of its NLS. Fluorescent in situ 
hybridization method (FISH) was used to study the nuclear localization of 
HCRSV genome. RNA chromatin immunoprecipitation (RNA-CHIP) was used to 
investigate the p23, importin α and HCRSV genome may form a complex to enter 
nucleus. Quantitative real-time PCR (qRT-PCR) was used to monitor the 
expression levels of miRNAs and specific genes. Immuno-electron microscopy 
(IEM) was used to investigate the amount of cysteine and glutathione in the 
specific plant organelles. Toluidine blue stained plant cross sections were used for 
plant structure comparisions. Other methods such as GST pull down assay and 
bimolecular fluorescence complementation were used to study protein-protein 
interaction. The detailed procedures of these methods will be described in 
CHAPTER 2 general material and method. The results obtained based on these 






Chapter 2 General Materials and methods 
 
2.1 Media and buffers 
Commonly used media and buffers recipe are shown in Appendix 1. 
 
2.2 Plant materials and inoculation 
2.2.1 Plant materials and growth conditions 
     Kenaf seeds (cultivar Everglades 41) purchased from Mississippi State 
University, MS 39762, U.S.A.) were germinated on soil (Universalerde Universal 
Potting Soil, Tref). After emergence of true leaves, seedlings were transferred into 
individual 12-cm diameter plastic pots. Kenaf seedlings (2-weeks old) were 
grown in the plant growth room under the conditions of 16 h light and 8 h dark at 
25 
2.2.2 Plant inoculation 
°C. 
     Kenaf plants cotyledons were infected by mechanical inoculation. The 
youngest fully developed leaves from HCRSV-infected kenaf plants showing 
strong visual symptoms (0.1 g) was homogenized in 0.2 ml of 0.01 M phosphate 
buffer (pH 7.2). When the plant is approximately 1 week old, the plant cotyledons 
were dusted with carborundum and inoculated with 30 μl of mock-inoculating 
buffer or with the sap of HCRSV-infected kenaf plants. At appropriate times after 
inoculation (as stated in the text of different sections), leaves were used for 




2.3 Molecular cloning  
2.3.1 Polymerase chain reaction (PCR) 
      PCR was set up for 25 μl of volume in a 0.2 ml micro-centrifuge PCR tube as 
follows: 1× Taq enzyme buffer, 0.2 mM of each dNTP, 1 μM of each primer, 1.25 
units of Taq polymerase and 10 ng/μl of DNA template. Amplification was 
performed in Bio-Rad PCR System using specific programs according to different 
reactions. PCR products were examined afterwards by agarose gel electrophoresis. 
2.3.2 Purification of PCR fragments and DNA fragments from agarose gel 
     The amplified PCR product was separated in 0.8% agarose gel. The specific 
band was cut from the gel under long wavelength UV light, and was purified 
directly by gel purification Kit according to the manufacturer’s instructions 
(Promega). 
2.3.3 Ligation of DNA inserts into plasmid vectors 
      For ligation of PCR fragments into pGEM-T easy vector, the ligation reaction 
was set up according to the manufacturer’s instructions and incubated at room 
temperature for 1 h or at 4 °C for overnight. After the plasmid vectors and DNA 
fragments were digested with suitable enzymes and purified, ligation reaction was 
set up to 10 μl of volume in a 1.5 ml micro-centrifuge tube as follows: 1× ligation 
buffer, molar ratio of DNA insert to vector was based on the relative size of the 
vector and insert used (usually can be 1:1, 1:3 and 3:1), two units of T4 DNA 
ligase (NEB). The reaction was incubated at 4 °C or 16 °C for overnight.  
2.3.4 Preparation of competent E. coli 
     Competent cells of DH5α were prepared. Briefly, a single colony from freshly 
streaked plate was inoculated into 2 ml Luria-Bertani (LB) medium and incubated 
overnight at 37 °C with vigorous shaking (220 rpm). The above 2 ml culture was 
sub-cultured into 100 ml of LB medium in a 500 ml flask and grown to an 
OD600nm = 0.6-0.8 at 20-22°C overnight (lower temperature with higher efficiency) 
with vigorous shaking. The culture was transferred to a 50 ml centrifuge tube and 
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placed on ice for 30 min, and spun at 4000 rpm for 10 min at 4 °C. The pellet was 
resuspended in 50 ml of ice-cold 0.1 M CaCl2 and incubated in ice bath for 30 
min, and spun down as above. The cell pellet was gently resuspended in 5 ml of 
0.1 M CaCl2
2.3.5 Transformation of bacteria with plasmids 
 with 15% glycerol added with gentle swirling. After incubating in 
ice for 10 min, the cell suspension was dispensed into pre-chilled tubes and 
immediately frozen by liquid nitrogen. The frozen competent cells were kept in -
80 °C. 
      Competent cells were thawed on ice and 10-100 ng of DNA or 5 µl of the 
ligation reaction was mixed gently with the competent cells. The mixture was 
incubated on ice for 30 min, and subsequently to heat shock at 42 °C for 90 sec 
and chilled on ice for 3 min. The cells were cultured in 1 ml LB medium at 37 °C 
for 45 min without shaking (or can be shaked at 200 rpm). About 100 µl of the 
transformation mix was plated onto selection plates with appropriate antibiotics. 
2.3.6 Plasmid purification from E. coli 
      Single bacterial colony was inoculated into 2 ml of LB medium with 
appropriate antibiotics. The cultures were incubated at 37 °C with vigorous 
shaking for 16 h. About 1.5 ml of the overnight cultures were transferred into a 
micro centrifuge tube and centrifuged at 12000 g for 5 min followed by 
purification of plasmids with the QIAprep Miniprep Kit, according to the 
manufacturer’s instructions (QIAGEN). 
2.3.7 DNA sequencing 
     Sequencing reaction was set up for 10 μl of volume containing proper amount 
of DNA template according to its size (10 ng per 1 kb template), 0.2 µmol of 
primer, and 2 μl of sequencing buffer and 1 μl of BigDye (ABI Prism TM Dye). 
The sequencing was performed on the Bio-Rad PCR machine as follows: 25 
cycles of 96 °C for 10 sec, 50 °C for 5 sec, 60 °C for 1 min; rapid thermal ramp to 
16 °C and hold. The reaction was purified by ethanol and NaOAc precipitation 
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and the DNA sequences were determined by ABI Prism 3100 automated 
sequencer. 
2.3.8 PCR-based mutagenesis 
     The amino acid (aa) mutations were introduced into specific vectors with 
designed mutation primers. High fidelity enzyme (KAPA Biosystems) was used 
to do the amplification. Enzyme DPnI was used to remove the original template 
and following 5 µl PCR products was transformed into E. coli cells. Putative 
colonies were picked up for plasmid extraction and sequencing analysis. 
2.3.9 Electro-transformation for Agrobacterium  
(1) The Agrobacterium competent cells were gently put on ice and thaw and 
the cuvette was also chilled on ice.  
(2) Plasmid DNA (~50 ng is enough for transformation) was mixed gently 
with competent cells on ice. 
(3) The mixtures of competent cells and plasmids DNA were transferred into 
cuvette, avoiding bubbles formation during transfer. After transferring, the 
mixtures were put on ice for 1-3 min. 
(4) Electroporation was carried out at the pulse of 2500 V, 200 Ω and 25 µF 
(about 5-6 seconds). 
(5) One ml fresh LB was immediately added to the mixtures of competent 
cells and plasmid DNA.   
(6) The cells were incubated for at least 3 h at 28 °C and 10-50 µl cultures 
were streaked on selective medium plates.  
2.3.10 Agrobacterium-infiltration 
(1) Preparation of Agrobacterium suspension  
      Single colony of Agrobacterium was subcultured in 2 ml of LB with 
kanamycin (50 μg/ml), rifamycin (100 μg/ml) and tetracycline (5 μg/ml) at 28°C 
for 14 h. Then 200 μl of the culture was subsequently transferred to 40 ml of 
mentioned previous LB with antibiotics and grown at 28 °C for 14 h in a shaker 
(200 rpm), until an OD600 was reached 1.0-1.5 as determined by UV/Vis 
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Spectrophotometer (Beckman). The Agrobacterium culture was centrifuged at 
6000 rpm for 10 min to spin down the cells. The cells were then resuspended in 
induction medium (infiltration buffer to final concertration 10 mmol/L MgCl2
 
, 10 
mmol/L MES, 10 µmol/L Acetosyringone) for 3 h.  
(2) Agroinfiltration into kenaf leaves  
       A 1 ml plastic syringe (without needle) was used to infiltrate Agrobacterium 
suspension into the underside of leaves. Agroinfiltration was conducted in the late 
afternoon so that transfer DNA (T-DNA) transfer could occur overnight and the 
plants were allowed to recover overnight in the dark (16 h) before growing at the 
standard 16 h light and 8 h dark conditions at 25 °C. 
2.3.11 TaqMan two-step RT-PCR 
      The TaqMan®MicroRNA Assays are designed to detect and accurately 
quantify mature microRNAs (miRNAs) using Applied Biosystems real-time PCR 
instruments. TaqMan MicroRNA Assays offer several distinct advantages over 
conventional miRNA-detection methods, including: 
     (1) High - quality quantitative data - The assays can detect and quantify 
miRNA over more than six logs of dynamic range. 
      (2) Sensitivity - The assays can detect miRNAs in as little as 1 to 10 ng of total        
RNA. 
     (3) High Specificity - The assays detect only mature miRNA, not its precursor, 
with single-base discrimination. 
     (4) Fast and simple methodology– The two-step protocol takes less than four 
hours and can be used with any Applied Biosystems Real-Time PCR instrument. 
 
TaqMan MicroRNA assays were carried out using two-step RT-PCR: 
    (1) Reverse transcription (RT) step, cDNA is reverse transcribed from total 
RNA samples using specific miRNA primers from the TaqMan MicroRNA assays 
and reagents from the TaqMan®   MicroRNA Reverse Transcription Kit. 
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   (2) In the PCR step, PCR products are amplified from cDNA samples using the 
TaqMan MicroRNA Assay together with the TaqMan® Universal PCR Master 
Mix. 
 
2.4 Analysis of DNA  
2.4.1 Plant genomic DNA extraction  
Table 2.1 CTAB extraction buffer. 
Component Volume          Con. 
10% PEG 8000 10 ml              (1%) 
1M Tris-Cl PH7.0 10 ml              (0.1 M) 
5M NaCl 28 ml              (1.4 M) 
10% CTAB 20 ml              (2%) 
500mM EDTA 4 ml                (20 mM) 
10% sodium lauryl sarcosine 3 ml                (0.3%) 
ddH2 Top up to 100 ml O 
 
(1) Plant leaves were frozen and ground to fine powder with liquid nitrogen. 
100-200 µl powder was transferred to 1.5 ml enpendof tube and following 1 
ml extraction buffer was added. 
(2) The mixture in the tube was mixed by vortex and incubated at 65 °C 
water bath for 15 min, invert every 5 min. 
(3) The tube of mixture was cooled to room temperature, 2 µl β- 
mercaptoethanol
(4) The tubes were centrifuged at maximum speed for 15 min at 4 °C. 
 was added. Then 400 µl of phenol/chloroform was added 
and mixed thoroughly. 
(5) The top aqueous layer was transferred to a new 1.5 ml micro-centrifuge 
tube, 70 µl 3 M ammonium acetate was added for DNA precipitating. Mix by 
inversion.  
(6) Equal volume of isopropanol was added and mixed by inversion. Put at 
RT for 10 min. 
(7) Centrifuge 15 min at Vmax, 4 °C. 
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(8) The supernatant was removed and the pellet was washed with 1ml 75% 
ethanol.  
(9) Centrifuge 5 min at Vmax
(10) The dried DNA pellet was dissolved in TE buffer. 
. 
 
2.4.2 Southern blot 
Detailed procedures: 
1. Separating DNA samples on an agarose gel 
a. A 1.5% agrose electrophoresis gel was prepared with 1 mm comb. For 
optimal results, DNA staining dye ethidium bormide (EB) or SYBR green 
was not put into the gel or running buffer. EB or SYBR green can cause 
uneven background problem if the gel is not run long enough. 
b. Ten µg of genomic plant DNA was mixed with a suitable DNA loading 
buffer per lane. For positive control, 5-50 pg of plasmid DNA per lane will 
get good results. 
         c. The gel was run until DNA bands are well separated (15 V, run overnight). 
         d. The gel was briefly stained (10 min) in 0.25-0.5 ng/ml EB or SYBR green 
solution to assess the quality of the target DNA.  The gel was examined under UV 
light. 
2. TransferringDNA to a membrane (capillary transfer method) 
(1) One of the following will be done: 
If the hybridization target is 5 kb or less, go to step (3) 
If the hybridization target is > 5kb, go to step (2) 




The gel was submerged in 250 mM HCl with shaking at room temperature until 
the bromophenol blue marker was changed from blue to yellow. The stain was not 
exceeded 20 min if plant DNA was treated. The gel was rinsed with sterile, 
double distilled water. 
(3) The DNA was denatured in the gel. 
The gel was submerged in denaturation solution (0.5 M NaOH, 1.5 M NaCl) for 2 
× 15 min at room temperature with gentle shaking. The gel was rinsed with sterile, 
double distilled water. 
(4) The gel was submerged in neutralization solution (0.5 M Tris-Cl, pH 7.5; 1.5 
M NaCl) for 2 × 15 min at RT. 
(5) The gel was equilibrated in 20 × SSC for at least 10 min. 
(6) The blot was set up as follows, avoiding the formation of air bubbles. 
* A piece of whateman 3 MM paper that has been soaked with 20 × SSC was 
placed atop a “bridge” that rests in a shallow reservoir of 20 × SSC. 
* The gel was placed atop the soaked sheets of whateman 3 MM paper. A sterile 
pipette was rolled over the sandwich to remove all air bubbles that are formed 
between the gel and paper (Gel facing down). 
* A piece of positively charged Nylon membrane was cut to the size of the gel. 
* The dry membrane was placed on the DNA-containing surface of the gel. A 
pipette was used to eliminate air bubbles as above. 
* The blot assembly was completed by adding a dry sheet of whatman 3 MM 
paper, a stack of paper towels and a 200-500 g weight. 
(7) The blot was transferred overnight in transfer buffer (20 × SSC). 
(8) While the blot is still damp, the DNA was fixed to the blot by UV crosslinking. 
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* The membrane (DNA side facing up) was placed on whatman 3 MM paper that 
has been soaked in 2 × SSC. 
* The wet membrane was exposed to UV light, according to standard protocols 
(UV stratalinker at 1200 mJ) to immobilize DNA. Generally, the crosslink can be 
finished with short wave UV in 1 min or less. 
* The membrane was rinsed briefly in sterilized double distilled water. 
* The membrane was allowed to air dry. 
 3. Prehybridizing the blot with DIG Easy Hyb 
The membrane can not be allowed to dry at any time during prehybridization, 
hybridization or detection. If the membrane dries or sticks to a second 
membrane (e.g. during simultaneous processing of blots), the assay will result 
in high background. 
Exception: The membrane can be air-dried after the last high stringency wash 
and stored at 4 °C for later analysis. However, a stored membrane cannot later 
be stripped and reprobed. 
 Prehybridization was carried out for 30 min at 42 °C (For up to several hours will 
not affect the results). 
Meanwhile, a DIG-labeled probe was prepared. 
 DNA labeled probe was adjusted toa final concentration of 20-50 ng/ml 
a. Fifteen µl DNA-DIG labeled probes was mixed with 50 µl RNase free 
dd H2
b. The denatured probe was immediately added to pre-warmed 50 °C DIG 
Easy Hyb. 
O. The tube of the mixture was boiled for 5 min to denature probe, 
and chilled quickly on ice; the tube was centrifuged briefly. 




The correct temperature for most hybridization in DIG Easy Hyb will be 37-
42 °C for DNA: DNA and 68 °C for RNA: RNA.  
However, if the probe has a high GC content (>50%) or imperfect (<80%) 
homology to the target, the temperature need to be increased accordingly.  
The hybridization buffer always need to be pre-warmed before adding to the 
membrane, because pre-warming prevents reannealing of probe secondary 
structures and nonspecific binding of probe to membrane.  
5. Wash 
a. The membrane was washed twice with low stringent buffer (2 × SSC 
containing 0.1%) at RT, 15 min. 
During this step, the high stringency buffer was pre-heated. 
b. The membrane was washed twice with high stringent buffer (0.1 × SSC 
containing 0.1% SDS) at a proper temperature, 15 min. The wash need to be 




Table 2.2 Guidelines for temperature of probe hybridization.  








0.5 × SSC 
+ 0.1% 
SDS 
65 °C if probe >100 bp 




0.5 × SSC 
+ 0.1% 
SDS 
Approx. 60 °C  





6. Techniques for detection of hybridization probes on a blot (Chemiluminecent 
detection).  
a. The membrane was transferred to a plastic container with 10 ml washing 
buffer and incubated at RT, 2 min with shaking. The washing buffer was 
discarded and put 10 ml blocking solution at RT, 30 min (can be last up to 3 hs). 
b. The blocking buffer was replaced in hybridization bottle with DIG antibody 
solution prepared by mixing DIG antibody solution and blocking buffer at a 
ration 1: 10000. The membrane was incubated at RT for 30 min. 
c. The membrane was washed in DIG washing buffer for 2 times, 15 min each. 
d. The membrane was incubated in developing buffer for 5 min. (Note, the 
membrane can not be allowed to dry if it must be reused to detect additional 
DNA/RNA). 
e. The substrate solution was prepared by adding CSPD for development buffer 
at a ration 1:100 (If it is ready-to-use solution, can be used directly). 
f. The blot was removed from bottle with clean forceps and placed on saran 
wrap. The substrate solution was applied to the surface of the membrane and 
incubated for 5 min. 
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g. The membrane was put in a transparent plastic bag. The extra buffer was 
squeezed out from membrane surface and was sealed in a plastic bag. 
h. The membrane was put in the dark for 15 min at 37 °C. 
i. The membrane was exposed to X-ray films.  
 
2.5 Analysis of RNA 
2.5.1 Total RNA extraction using TRIZOL reagent 
(1) Homogenization  
     The plant leaf tissue samples were homogenized in 1 ml of TRIZOL reagent 
per 50-100 mg of tissue. The sample volume should not exceed 10% of the 
volume of TRIZOL®
(2) Phase separation 
 Reagent used for homogenization. 
     The homogenized samples were incubated for 5 min at 15 to 30 °C to permit 
the complete dissociation of nucleoprotein complexes. The 0.2 ml of chloroform 
per 1 ml of TRIZOL® Reagent was added. The tubes of sample were capped 
securely, shaked vigorously by hand for 15 seconds and incubated at 15 °C to 
30 °C for 3 min. The tubes were centrifuged at 12000 g for 15 min at 4 °C. 
Following centrifugation, the mixture was separated into a lower red, phenol-
chloroform phase, an interphase, and a colorless upper aqueous phase. RNA was 
remained exclusively in the aqueous phase. The volume of the aqueous phase is 
about 60% of the volume of TRIZOL®
(3) RNA precipitation 
 reagent used for homogenization. 
     The aqueous phase was transferred to a fresh tube.  The organic phase can be 
saved if isolation of DNA or protein is desired. The RNA can be precipitated from 
the aqueous phase by mixing with isopropyl alcohol. The 0.5 ml of isopropyl 
alcohol per 1 ml of TRIZOL® was used for the initial homogenization. The 
samples were incubated at 15 to 30°C for 10 min and centrifuged at 12000 g for 
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10 min at 4 °C. The RNA precipitate, often invisible before centrifugation, forms 
a gel-like pellet on the side and bottom of the tube. 
(4) RNA wash 
     The supernatant was removed. The RNA pellet was washed once with 75% 
ethanol, adding at least 1 ml of 75% ethanol per 1 ml of TRIZOL®
(5) Redissolving the RNA 
 Reagent used 
for the initial homogenization. The sample was mixed by vortexing and 
centrifuged at no more than 7500 x g for 5 min at 2 to 8 °C. 
     At the end of the procedure, the RNA pellet was briefly dried (air-dried or 
vacuum-dried) for 5-10 min.  The RNA cand not be dried by centrifugation under 
vacuum. It is important not to let the RNA pellet dry completely as this will 
greatly decrease its solubility. Partially dissolved RNA samples have an 
A260/280 ratio < 1.6. The RNA was dissolved in RNase-free water and incubated 
for 10 min at RT.  
2.5.2 Protocol for separating LMW RNAs  
(A) PEG/NaCl method 
(1) The total RNA pellet was dissolved in 500 µl diethyl pyrocarbonate 
(DEPC)-treated nuclease-free water. An equal volume of PEG/NaCl 
precipitation solution (20% PEG-8000, 2 M NaCl) was added, mixed and kept 
on ice for at least 30 min (or several hours). 
(2) Samples were centrifuged at 13000 rpm for 15-25 min. The supernatant 
was transferred to a new tube.  
(3) The small RNAs were precipitated by adding 2.5 volume of 100% ethanol. 
Incubate at -20 °C for at least 3 h (can be overnight). 
(4) The tubes were centrifuged at 13000 rpm for 15-30 min and washed with 
75% ethonal. 






(B) LiCl method 
(1) The total RNA pellet obtained from the earlier RNA extraction process was 
resuspended in 4 M LiCl at a ratio of 1 ml per 1 g fresh plant material (in 
theory, LMW RNA can be dissolved in 4 M LiCl solution, whereas HMW 
RNA cannot). Disruption of the pellet by pipetting the solution up and down 
with use of a wide bore tip is recommended to fully dissolve the RNA pellet. 
The tubes were incubated on ice for 0.5 to 1 h with increasing the yield of 
LMW RNA. After thorough resuspension, the solution should be milky white. 
(2) The tube was centrifuged at 13000 rpm for 5 min. The supernatant was 
transferred to a new tube. 
(3) The pellet consists of an HMW fraction of RNA and may be processed 
further for pure HMW RNA extraction. 
(4) Steps 1 to 3 were repeated to recover more LMW RNA. 
(5) The LMV RNA was precipitated from the supernatant with equal volumes 
of isopropanol. Incubate at -20 °C for at least 1 h. 
(6) The tube containing LMW RNAs were centrifuged at 13000 rpm for 25 
min for LMV RNAs precipitation. 
    (7) The supernatant was discarded and the pellet was washed with 75% ethanol   
for air-dry. 
    (8) The LMW RNA pellet was dissolved in nuclease-free water. 
 
(C) The miRNAs can also be isolated directly using miRNA isolation kit (Part 
Number AM1560, AM1561). 
2.5.3 Detection of Small RNAs by Northern Blot 
 1. Acrylamide gel analysis of small RNAs 
(1) One-two μg of the RNA was mixed with an equal volume RNA Gel Loading 
Buffer II. 
(2) The mixture samples were denatured at 95-100 °C for 2-5 min. 
(3) The denatured samples were loaded on a denaturing 15% urea polyacrylamide 
gel and electrophorese at 30-45 mA. 
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(4) The electrophoresis was stopped when the bromophenol blue dye has migrated 
to the bottom of the gel. 
(5) The gel was soaked for 5 min in a 0.5-1 μg/mL SYBR green of 1 × TBE 
solution. 
(6) The RNA gel was visualized using a UV transilluminator. 
2. Transfer RNA to nylon membrane 
     After staining, the RNA was transferred to a nylon membrane by 
electroblotting. This procedure can be performed with three sheets of blotting 
paper soaked in 0.5 × TBE placed above and below the gel/membrane. For 1 mm 
gels transfer at 200 mA for at least 1-2 h (extending this time does not result in 
loss of sample). After blotting, the membrane was kept damp. Finally, the RNA 
was UV crosslinked to the membranes using a commercial crosslinking device 
(120 mJ burst over 30 sec). 
3. Prepare probe  
    DIG labeled probe 
4. Prehybridize ≥1 h at 65 °C with Easy DIG Hyb 
   The membrane was prehybridized in 10 ml prehybridization solution for at least 
1 h at 65°C.  
5. Hybridize 8-24 h at room temp 
6. The membrane was washed 3 times at room temp with wash solution (6 × SSC, 
0.2% SDS) and washed once at 42 °C (or ~10 °C lower than estimated Tm of 
probe); About 10 ml wash solution was added and agitated at 42 °C for 5-10 min. 
The wash solution was removed and discarded. 
7. Exposure to x-ray film  
     After the final wash, the blots were wrapped in a plastic wrap and exposed to 
x-ray film (Lumin-Film Chemiluninecent detection film, Roche) or a 
phosphorimager screen according to the manufacturer’s instructions. The latter 
method allows quantification of the amount of signal present in each band. 
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2.6 Analysis of protein 
2.6.1 Protein extraction from plants 
1. The 0.1 g leaves was ground thoroughly in 0.2-0.3 ml protein extraction 
buffer [220 mM Tris-Cl, pH7.4, 250 mM sucrose, 50 mM KCl, 1 mM MgCl2
2. The leaves were ground on ice thoroughly.  
; 
protease inhibitors 2 mM phenylmethylsulfonyl flroide (PMSF), 10 mM β-
mercaptoethanol, 1 × complete EDTA-free protease inhibitor (Sigma, Sat 
Louis) APPotinin (from bovine lung)] was added before use. 
3. The samples were centrifuged at 12000 g for 10 min at 4 °C. 
4. The supernatant containing proteins were transferred to a new tube, which 
can be used for following protein analysis or stored at -20 °C for future 
analysis.  
2.6.2 Protein expression and extraction from E.coli 
1. For protein expression, if it is PL promoter, the cells were grown at 30-32 °C 
for several hours when OD600 
2. 0.5-1 mM IPTG was added for growth 3-5 h. One tube was remained for 
negative control. 
= 0.4-0.6, then the temperature was increased to 
42 °C for 3-5 h. If the promoter was tac, the cells were grown at 37 °C until it 
reaches exponential grow phase. 
3. One ml bacterial cells were collected at 14000 rpm, 1 min at RT. 
4. The 100 µl H2
5. The samples were boiled 5 min to denature protein and put on ice immediately 
at least 1 min. 
O was used to resuspend cells and then 100 µl 2 × SDS loading 
dye was added and mixed well. 
6. The denatured protein was centrifuged for 5 min at 4 °C. 
7. Then 16 µl supernatant was taken to run PAGE gel for protein analysis.  
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2.6.3 Enzyme-linked immuno sorbent assay (ELISA) for plant viral proteins 
(1) Antigen preparation. Youngest fully-developed kenaf leaves were 
homogenized in the ratio of 0.1 g of leaf material to 0.5 ml of 0.05 M coating 
carbonate buffer.  
(2) Coating antigen to microplates. The supernatant (200 μl) was used to coat 
each well of the Greiner 96-well flat bottom transparent polystyrol plate, at an 
incubation time of at least 3 h, at 37 °C, or can be kept at 4 °C if more than 12 h.  
(3) The coating solution was removed and the wells were washed with washing 
solution 0.2% PBS-Tween20 (PBST) 3 times, 4 min each. All of the liquid was 
removed in case of contamination. 
(4) The blocking step was performed with 200 µl blocking buffer (5% skimmed 
milk in 0.02 M PBS) at 37 °C for one hour. 
(5) Blocking buffer was removed and the plates were washed two times with 
PBST. Anti-HCRSV CP antibody (100 μl, 1:2000, diluted in PBS + 1% BSA) 
was underwent an incubation time of 2 h at 37°C, or 4 °C overnight. 
(6) The primary antibody was removed and washed 3 times with PBST. Anti-
rabbit IgG antibody conjugated to alkaline phosphatase (100 μl, 1:2000, diluted in 
PBS + 1% BSA) was applied as the secondary antibody for 1 h at 37°C, or 4 °C 
overnight. 
(7) The secondary antibody was removed and washed 3 times with PBST.  
(8) Freshly prepared developing substrate p-Nitrophenyl phosphate (PNPP) 
tablets dissolved in the concentration of 0.625 mg per ml of alkaline phosphatase 
substrate buffer was set up as 100 μl per reaction. 
(9) Upon sufficient colour development, the reaction can be stopped with adding 
one drop 2 M H2SO4. 
2.6.4 Western blot 
The plate was read at 405 nm absorbance wavelength using 
a microplate reader (Tecan Infinite 200). 
(1) Total protein extracts thoroughly mixed with a fifth volume of 5 × SDS 
loading dye were subjected to denaturation at 100 °C for 5 min.  
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(2) The denatured protein samples (10 μl) were loaded into 12% SDS-PAGE gel 
and run at 120 V constant voltages for 1 h.  
(3) The proteins were transferred from the SDS-PAGE gel onto a nitrocellulose 
membrane (Bio-Rad) in transfer buffer, and run at 200 mA for 1 h under chilled 
conditions.  
(4) The membrane was blocked using 5% non-fat milk under constant agitation 
for 40 min at RT.  
(5) Anti-HCRSV CP (with rabbit IgGFc) diluted at 1:2000 was used as primary 
antibody.  
(6) After washing membrane three times with 1 × PBS, anti-rabbit IgG conjugated 
to alkaline phosphatase diluted at 1:2000 ratio was used as secondary antibody.  
(7) After washing membrane three times with 1 × PBS, nitroblue tetrazolium 
(NBT) and 5-bromo-4-chloro-3-indolyl phosphate (BCIP) were added to the 
developing buffer for colorimetric detection. The colour development reaction 
was stopped when bands were satisfactorily distinct. 
  
2.7 Isolation and transfection of kenaf protoplasts and isolation of 
HCRSV-infected kenaf cells  
2.7.1 Isolation of kenaf protoplasts following previous published protocol 
(Liang et al., 2002a) 
Day 1  
1. The 4-6 leaf stage kenaf can be used for protoplast isolation. Enzyme solution 
was prepared by dissolving 0.32 g of cellulite (0.8%) and 0.12 g of Macerase 
(0.25%) in 40 ml of enzyme solution (0.2 mM KH2PO4, 1 mM KNO3, 1 mM 
MgSO4, 1 µM KI, 0.01 µM CuSO4 in the solution of 0.6 M mannitol and 10 




2. Two grams (can be up to 3 g) of kenaf leaves were sterilized in 0.8% Clorox 
for 10 min. Following they were rinsed with autoclaved water thrice in 
laminar hood. 
3. The leaves were cut into 1 mm strips and incubated in enzyme solution on 
shaker (50 rpm) for 16 h in dark. 
Day 2 
1. The protoplasts were released on the petri dish by gently pipetting. 
2. The protoplasts were passed through a sterile sieve (with series from big mesh 
to small meshes) and then they were passed through 70 nylon screen (50 ml 
centrifuge) and the debris was removed. The filtrate was transferred to 50 ml 
centrifuge tube.  
3. The tubes were spun at 750 rpm for 7 min and the pellet was stored. The 
supernatant was further spun at 850 rpm for 7 min and the pellets were pooled. 
40 ml wash solution (0.6 M mannitol and 10 mM CaCl2
4. Before the final step wash, the density of the protoplasts were calculated. 
Firstly, 10 µl protoplasts were put on the surface of the coverslip. Secondly, 
10 selected views of the protoplasts on the coverslip were counted from top to 
bottom and then the average number X was calculated from 10 views using 40 
× objectives.  Then the number of the protoplasts concentrations were used 
using calculation the formula for: 
 PH 5.6) was added to 
the tube and spun at 750 rpm for 5 min. The wash can be repeated once more 
with 40 ml of wash solution.  
 
For a precise and convient way to calculate the protoplasts, hemocytometer    
can be used to calculate the number of protoplasts.  
2.7.2 PEG transfection of protoplasts 
1. The 4 × 105 to 1 × 106 protoplasts were concentrated in 100 µl solution and 
mixed with 10 ug DNA or RNA in 40% PEG3000 in 3 mM CaCl2. The 
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mixtures were gently mixed for 15-30 s (protoplasts tend to form clumps. To 
avoid clumping, PEG was added slowly little by little at the side of the 50 
ml centrifuge tube). 
2. The 4.5 ml of wash solution were added and the protoplasts were 
resuspended well, the mixture was incubated on ice of 30 min to 1 h before 
spun down at 750 rpm for 5 min. 
3. The 2 ml of wash solution was added and the pellet was spun down at 750 
rpm for 5 min. 
4. Six ml MS medium (4.4 g MS powder in 1 0.6 M mannitol and 10 mM 
CaCl2
5. After 24 h-48 h, the protoplasts were spun at 750 rpm for 5 min for 
collection. 
 , pH 5.6) were added and incubated in dark for 24 hrs at RT (can 
leave it for 36 h) 
6. The collected protoplasts can be fixed with 4% (w/v) paraformaldehyde, 2.5% 
(w/v) sucrose in 0.1 M phosphate buffer (pH 7.2) 2 h at RT with gentle 
inversion. 
2.7.3 Isolation of fixed plant cells 
1. The mock/HCRSV-infected leaf samples were cut into 1 × 1 mm strips 
using scalpeland fixed with 4% (w/v) paraformaldehyde, 2.5% (w/v) sucrose 
in 0.1 M phosphate buffer (pH 7.2) 2 h at RT with gently inversion. 
2. The fixed plant leaf strips were washed with ddH2O twice and transferred to 
enzyme digestion solution, which is prepared by dissolving 0.32 g of 
cellulite (0.8%) and 0.12 g of Macerase (0.25%) in 40 ml of enzyme 
solution (0.2 mM KH2PO4, 1 mM KNO3, 1 mM MgSO4, 1 µM KI, 0.01 
µM CuSO4. 0.6 M mannitol and 10 mM CaCl2, 
3. The fixed cells were gently released in the petri dish by pipetting. 
pH 5.6) were addedand 
gently shaked for 16 h in dark at 50 rpm. 
4. The released cells were passed through sterile sieves (minimum size is 70 
µm mesh) to remove debris. The filtrate was transferred to a 50 ml 
centrifuge tube. The pellet was spun at 750 rpm (100 g) for 8 min at 4 °C, 
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and the pellet was stored (The supernatant can be further spun at 850 rpm 
for 7 min to collect more cells). 
5. The pellet cells were washed with wash buffer (0.6 M mannitol and 10 mM 
CaCl2
6. The fixed cells were resuspended in 1 ml of wash buffer and stored at 4 °C 
for further investigation. 
, pH 5.6) and spun at 750 rpm for 5 min at 4 °C. The wash can be 
repeated one more time. 
 
2.8 Fluorescent in situ hybridization 
2.8.1 The fixed cells were attached to coverslips 
     Before attaching, the coverslips were attached with poly-L-lysine. 
The 18 mm × 18 mm square coverslips were carefully put into 500 ml 0.1 N 
HCl and boiled them for 10 min. Then they were rinsed extensively with 
H2O, autoclaved and stored in 70% ethanol. To coat coverslips with poly-L-
lysine, 100 µl of a 0.01 (w/v) poly-L-lysine solution were put onto a 
coverslip, and incubated at RT for 5 min. The poly-L-lysine solution was 
removed using a vacuum pump and let the remaining liquid dry. Finally, the 
coated coverslips were washed twice with ddH2
1. The poly-L-lysine coated coverslips were placed on 12 wells tissue culture 
dishes facing up. 
O and air-dried. The poly-L-
lysine coated coverslips can be stored for several months. 
2. The 70 µl of fixed cells was dropped on the center of a coated coverslip. 
3. The fixed cells were settled for 1 h at 4 °C. 
4. The 2 ml wash buffer was slowly added to each coverslip in the well. Then 
the buffer was removed using pipette. The cells which were not attached to 
the coverslip were removed, and a monolayer of immobilized cells was left.  




6. The coated coverslip with fixed cells can be stored for at least 3 h at -20 °C 
before processing to the next step. For long time storage, the cells can be 
stored at -20 °C for at least 6 months. 
2.8.2 Hybridization 
     Very low probe concentrations are needed in the hybridization reaction to 
allow single mRNA detection. Generally, 2 ng of total probes were needed 
per hybridization reaction. The 40% formamide was used for standard 
probes (50 nt/50% GC), but if high background is observed, the 
concentration of formamide can be increased from 40% to 50% to reduce 
background. 
1. The 12 wells plates were taken out from -20 °C and 70% DEPC ethanol was 
removed slowly using pipette. The fixed cells were rehydrated by adding 2 
ml 2 × SSC at RT for 5 min, and then the procedure was repeated twice. 
2. The fixed cells were washed once with 40% formamide/2 × SSC for 5 min. 
During the washing steps, the hybridization mixtures were prepared.  
3. The 50-100 ng probes per coverslip were mixed with 10 µg E.coli tRNA and 
10 µg of salmon sperm single-stranded DNA to 12 ul solution F (40% 
formamide, 2 × SSC, 10 mM NaHPO4
4. The 12 µl of solution H (2 × SSC, 2 mg/ml BSA, 10 mM VRC, [RNAase 
inhibitor]) was added to the hybridization mixtures.    
, pH 7.5).  
5. A drop of ~22 µl hybridization mix was placed to one part of hybridization 
cassette. Then the coverslip with the fixed cells were put on the top of the 
hybridization mixture, cells facing up. The hybridization cassette was sealed 
and kept in the dark under wet condition for overnight (16-24 h) at 37 °C. 
6. The 2 ml 37 °C preheated 40% formamide/2 × SSC were put into 12 well 
tissue culture plates. 
7. The hybridized cover slips with the fixed cells facing down were carefully 
transferred from the hybridization cassette back to 12 well plates with 40% 
formamide/2 × SSC, and incubated for 15 min at 37°C with gentle agitation. 
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8. The coverslips were washed one time with 40% formamide/2 × SSC at 
37 °C (2 ml, 15 min). 
9. The coverslips were washed one time with 2 × SSC/0.1Triton X-100 at RT 
(2 ml, 15 min). 
10. The coverslips were washed one time with 1 × SSC at RT (2 ml, 15 min). 
11. The coverslips were stained with DAPI (100 ng/ml) solution in 1 × PBS (2 
ml, 5 min). 
12. The coverslips were washed one time with 1 × PBS (2 ml, 2 min). 
13. Before mounting, the coverslips were dipped in 100% ethanol and dried. 
14. The coverslips with fixed cells facing down were placed onto a drop of 3 µl 
mounting solution which was placed on a glass slide. The mounting solution 
was allowed to polymerize overnight at RT in the dark. 
15. The coverslips were sealed with nail polish. The nail polish was required to 
dry before imaging; otherwise the microscope objectives may be damaged. 
16. The mounted coverslips with samples were observed under the microscope 
(the coverslips can be stored at 4 °C for a few days and at -20 °C for a few 
months in the dark). The excitation and emission for DAPI were 405 nm and 
420-480 nm, respectively; excitation and emission length for Cy3 were 543 
nm and 570 nm, respectively.  
 
2.9 RNA-chromotin-immunoprecipitation (RNA-CHIP) 
      RNA-CHIP is a method based on Chromatin Immunoprecipitation (CHIP) to 
verify the RNAs which can bind to a specific protein. The basic procedures are 
listed in the following: 
2.9.1 Tissue collection and nuclear fixation with formaldehyde 
1. Formaldehyde solution preparation. Formaldehyde stock was added into MC 
buffer to make it to be 1%, the prepared solution was stored at 4 °C (for 50 ml 
tube, 25 ml MC buffer + 676 µl 37% stock). MC buffer (0.1 M sucrose, 100 mM 
potassium phosphate buffer pH 7, 50 mM NaCl) need to be fresh. 
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2. The 0.8-1 g fresh plant materials were collected (the collecting time is no 
longer than 40 min, the maximum can be 1 h to prevent wilting) and fixed into the 
freshly prepared formaldehyde solution.  
3. The fixed samples were put into a vacuum chamber to fixative for 40-45 min at 
4 °C. During this time, release gas several times.  
4. Fixation was stopped by adding glycine [2.5 ml glycine (1.25-1.5 M) stock to a 
final concentration 0.125-0.15 M]. The tube of the samples were inverted to mix 
well and vacuum was applied for another 2 min (or stir it for 30 min at 4 °C) to 
stop formaldehyde reaction. 
5. The entire samples were transferred into new MC buffer and stirred for 20 min 
at 4 °C. 
6. The wash was repeated twice with MC buffer (25 ml each wash). The plant 
tissue was dried on tissue paper. Alternatively, the dried tissues can be transferred 
to a new 50 ml tube and quick-frozen in liquid nitrogen to be stored at -80 °C at 
this step.  
7. The collected leaf samples were ground to fine powder using a mortar and 
pestle with liquid nitrogen. Then the fine powders were transferred to a 50 ml 
tube with 20 ml M1 buffer to make relative thick slurry. M1 buffer [10 mM 
potassium phosphate, pH 7, 0.1 M NaCl, 10 mM β-mercaptoethanol, 1 M 
hexylene glycol (2-methyl 2, 4-pentanadiol) and 1 mM PMSF was added freshly] 
need to be pre-cooled and shaked at 4 °C.   
8. The slurry was filterred through a 55 µm mesh and collected in a 50 ml tube on 
ice. The mesh was washed with an additional 5 ml of M1 buffer.  
9. The filtrates were centrifuged at 1000 g for 20 min at 4 °C and the supernatant 
was discarded. 
10. The pellet was washed with 5 ml M1 buffer once for 10 min at 1000 g, 4 °C.  
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11. The nuclear pellet was washed five times with 5 ml M2 buffer (10 mM 
potassium phosphate, pH 7, 0.1 M NaCl,  10 mM β-mercaptoethanol, 1 M 
hexylene glycol, 10 mM MgCl2
12. The pellet was washed twice with 5 ml of M3 buffer (10 mM potassium 
phosphate, pH 7, 0.1 M NaCl, 10 mM β-mercaptoethanol, need to be freshly 
prepared) and centrifuged (1000 g, 10 min). 
, 0.5% Triton X-100, need to be resuspended 
thoroughly before use). The pellet was centrifuged for 10 min at 1000 g at 4 °C. 
2.9.2 Sonication 
1. The nuclei pellet was resuspended in 1 ml sonication buffer in a 2 ml tube. 
Sonication buffer [10 mM sodium phosphate, pH 7, 0.1 M NaCl, 0.5% 
Sarkosyl (detergent to destroy membrane structure), 10 mM EDTA] can be 
freshly prepared or frozen stored in aliquots at -20 °C). 
2. The chromatin was sonicated with a probe sonicator for three cycles of 15 s 
pulses of half maximal power and 45 s cooling between pulses (the tube was 
placed on ice the whole time; usually, the time of sonication depends on the 
sonicator and time of fixation).  
*Important: the depth of sonicator probe which immerge into the samples during 
sonication need to be appropriately adjusted. The sample cannot be observed in 
spinning around the probe or forming too much foam. 
  3. The sonicated samples were centrifuged for 10 min at 4 °C with top speed. 
The supernatant was transferred into a new tube. Before carrying to next step, 
some samples were saved for specific antibody (GFP for instance) analysis and 
DNA fragment size analysis. 
2.9.3 Pre-clearing (2h) 
1. The supernatant was transferred into a new 2 ml tube containing an equal 
volume of IP buffer (50 mM HEPES, pH 7.5, 150 mM KCl, 5 mM MgCl2, 10 μM 
ZnSO4, 1% Triton X-100, 0.05% SDS). The 120 µl was set aside to serve as 
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“input DNA” control and to check the degree of sonication by loading the sample 
at 1.5 % (w/v) agrose gel.  
2. To pre-clear chromatin, 5 µl pre-immue serums were added and incubated 50 
min at 4 °C on a rotating wheel. If pre-immueserum is not available, two-rounds 
of centrifugation were recommended (following step 3), followed by prolonged 
incubation with protein-A bead (step 5 was 1.5 h instead of 1 h). 
3. Centrifuge at 16000 g for 10 min at 4 °C to remove debris and the supernatant 
was transferred into a new 2 ml safe lock tube. 
4. The protein-A agarose beads were prepared for step 5.  
5. An aliquot of the required beads amount (+100 µl extra) were prepared into a 
new 1.5 ml low-adhesion tube (For 2 ml tube, it is difficult to observe antibody 
beads). The beads were washed by adding 1 ml IP buffer and the tube was 
inverted gently several times. The tube was spun at 3800 g for 3 min and the 
supernatant was discarded. The wash step was repeated one more time using 1 ml 
IP buffer. The final volume of the beads should be the same as the original 
volume. 
6. The 80 µl protein-A agarose beads were added from step 4 (25% slurry) to the 
chromatin from step 3 using a cut pipette tip and incubated for 1 h at 4 °C on a 
rotating level. 
7. The tube was centrifuged for 5 min with 3800 g at 4 °C. The supernatant was 
transferred into a new 2 ml tube and spun for 10 min with maximum speed at 4 °C. 
2.9.4 Immunprecipitation 
1. The supernatant was divided equally into two 2 ml tubes, one that serve as the 
IP-sample and the other as negative control. If CHIP on WT or mutant plant 
tissue is used as negative control instead of a non-specific serum control, both 
samples can be used for IP (‘technical’ replicates of the IP). 
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2. The 3 μl antiserum or X μl purified antibody (depending on concentration 
antibody, ~1-2 μg) or the optional negative control 3 μl pre-immune serum 
was added to the IP sample. The mixtures were incubated for 1 h at 4 °C on a 
rotating wheel. 
3. The tubes were centrifuged at 16,000 g for 5 min at 4 °C to remove debris and 
the supernatant was transferred to a new 2 ml safelock Eppendorf tube. 
4. The 40 μl protein-A beads (25% slurry) were added to each tube using a wide-
bore pipette tip and incubated for 50 min at 4 °C on a rotating wheel. 
5. The tubes were centrifuged for 5 min with 3800 g at 4 °C. The supernatant 
was transferred to a new tube without disturbing the pellet (beads).  
6. The beads were washed five times with 1 ml IP buffer for 8 min on rotating 
wheel at RT. After adding the IP buffer for the first time, the beads with 
buffer were transferred to a 1.5 ml low-binding tube using wide-bore tips.  
*After each centrifuge step, the IP buffer should be removed nearly completely 
from the beads without disintegrating the bead pellet. Work in a clean 
environment (pre-PCR or sterile hood) to reduce contamination. 
7. The protein-DNA complexes were eluted from the beads by adding 100 μl 
cold elution buffers (0.1 M glycine, 0.5 M NaCl, 0.05% Tween-20, pH 2.8), 
incubate for 1 min at 37 °C while shaking rigorously, and centrifuged for 1 
min at maximum speed. The eluate (supernatant) was transferred to a 1.5 ml 
safelock tube. 50 μl of 1 M Tris pH 9 was added to neutralize the eluate. This 
step was repeated twice more, with the last elution step incubated for 4 min at 
37 °C. The three times eluate can be combined. 
8. The eluate (protein-DNA complexes) was spun at top speed for 2 min and 
transferred to a new 2 ml safelock tube without disintegrating any pellet that 
may have been formed (residual beads). 
2.9.5 RNA analyses  
     (Reverse crosslinking/ RNA purification) 
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1. The 25 µl 4 M NaCl was added to 500 µl combined eluate to a final 
concentration of 200 mM, then the tubes were placed at 65 °C for at least 2 h. 
2. The 20 µl 1 M Tris-Cl (pH 6.5), 10 µl 0.5 M EDTA and 20 µg proteinase K 
were added to keep at 42 °C for 45 min.  
3. The total RNA was extracted accordingly. The samples were subjected to 
phenol: chloroform: isoamyl alcohol for purification by removing protein.  
4. The RNA was precipitated from the supernatant using isopropanol and 
washed with 75 % DEPC ethonal.       
5. The precipitated RNA was air-dried and dissolved in 20 µl DEPC H2
6. DNAse I was used to remove DNA from the obtained RNA samples.  
O.  
      RT-PCR was performed using obtained purified RNA.  
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Chapter 3 Nuclear localization of p23 and 
identification of HCRSV genome in the 
nucleus where viral miRNAs are produced  
 
3.1 Introduction 
      
      A virus is a small infectious agent that can replicate inside the living cells of 
organisms. Viruses infect all types of organisms, from animals and plants to 
bacteria and archaea (Koonin et al., 2006). Viruses contain either DNA or RNA 
as genomes. The virus is able to continue to infect new hosts by generating 
abundant copies of its genome and packaging these copies into viruses. Most 
DNA viruses, such as double-stranded (ds) DNA virus Adenoviruses or Herpes 
viruses and single-stranded (ss) DNA Circoviridae or Parvoviridae, replicate in 
nucleus. While most RNA viruses replicate in cytoplasm. RNA viruses are 
divided into three major classes differentiated by whether the infectious virus 
contain the genome as dsRNA, positive-strand (messenger-sense) or negative-
strand RNA (Ahlquist, 2002). RNA viruses with ss RNA genomes have been 
studied extensively. All the positive-strand viral RNAs replicate in the cytoplasm. 
However, a recent study has showed that non-retroviral RNA sequences from 







Figure 3.1 Structural organization of HCRSV genomic RNA and its 
predicted vir-miRNAs. 
 
(A) Structural organization of HCRSV genomic RNA and its corresponding 
mature proteins and its five predicted vir-miRNAs (not drawn to scale). The 
rectangles in the upper panel represent viral genes. UTR, untranslated region; 
RdRp, RNA-dependent RNA polymerase; mp, movement protein; prg, 
pathogenesis-related gene; CP, coat protein. The 3-dimensional bars in the lower 
panel represent the corresponding mature proteins. The dotted vertical line 
represents a readthrough codon UAG. The horizontal lines represent the predicted 
vir-miRNAs. Among them, hcrsv-miR-H1-5p and hcrsv-miR-H2-5p are 
encompassed in the p23 ORF and hcrsv-miR-H3, hcrsv-miR-H4-3p and hcrsv-
miR-H5-3p are located in the p81, p27 and p38 coding regions, respectively. (B)  
A Table showing the start/end positions and length of the five predicted vir-




      Hibiscus chlorotic ringspot virus (HCRSV) belongs to the genus Carmovirus 
(Huang et al., 2000). It has a (+)-sense ss RNA of 3911 nt, containing seven open 
reading frames (ORFs) (Figure. 3.1). An ORF encodes a predicted transcription 
factor 23 kDa (p23) which is indispensable for host-specific replication (Liang et 
al., 2002b). Using the protein subcellular localization online predication software 
(http://psort.hgc.jp/), the p23 was shown to be able to enter nucleus. It also 
contains a DNA binding motif. A nuclear localization signal (NLS) is a short 
stretch of amino acids (aa) that mediates the import of a protein into nucleus 
(Cokol et al., 2000). In addition to transporting a protein into nucleus, NLS also 
regulates the directionality of the nuclear transport of complexes of RNA and 
proteins (Wu and Pante, 2009). Furthermore, plant virus nuclear localization 
proteins have been reported to divert host nucleolar proteins from their natural 
functions to enhance virus infection (Taliansky et al., 2010).     
      MicroRNAs (miRNAs) are small RNAs (~22 nt) that have regulatory function 
on gene expression (Bartel, 2009). Plant miRNAs are generated in the nucleus, 
rather than in the cytoplasm (Kidner and Martienssen, 2005).  Plant pri-miRNAs, 
ranged from about 100 bp to more than 1000 bp, are short-lived in plants. 
However, they are easily detectable in animals (Jones-Rhoades et al., 2006). Viral 
miRNAs (vir-miRNAs) may be produced by viral RNA-dependent RNA 
polymerases, especially for viruses that replicate in the host nucleus (Lu et al., 
2008). They can modulate viral and host gene expression (Sullivan and Ganem, 
2005). Since the first report of vir-miRNA encoded by the Epstein-Barr virus 
(EBV) (Pfeffer et al., 2004), several vir-miRNAs have been discovered 
subsequently. Most of the virus encoded miRNAs are reported from herpesvirues 
and small number within adenovirus, retrovirus and polyomavirus families 
(Bennasser et al., 2004; Cai et al., 2005; Sullivan et al., 2005). However, there is 
no report on RNA viruses that produce vir-miRNAs either from animals or plants. 
More importantly, no (+)-sense ss viral RNA has been reported to be present in 
the nucleus, although a few viral capsid proteins are reported to enter the nucleus 
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of infected cells, such as West Nile virus and Beet black scorch virus 
(Bhuvanakantham et al., 2009; Zhang et al., 2011). 
     Previously it has been shown that a single RNA transcript containing both the 
protein-coding region and the miRNA coding sequences can be translated to 
produce a protein and to generate a miRNA (Allen et al., 2004). For example, an 
encoded protein (a putative polypeptide of 124 aa) and a linked miRNA (miR-21) 
can be potentially expressed coordinately from the same sequence region to 
generate primary miRNA (Cai et al., 2004). Thus, after HCRSV infection in kenaf 
(Hibiscus cannabinus L.) plants, it is plausible that the p23 coding region is able 
to generate both the p23 protein and vir-miRNAs. A total of five vir-miRNAs 
have been predicted from the HCRSV genome (Figure 3.1) using Vir-Mir 
database (http://alk.ibms.sinica.edu.tw). In this regard, we investigated if HCRSV 
RNA is found in the nucleus, where vir-miRNAs are generated. 
 
3.2 Materials and methods 
3.2.1 Plant materials, plasmid construction and generation of transgenic 
Arabidopsis 
       Kenaf seedlings were grown under 16 h light 8 h dark cycles at 25°C. The 
HCRSV p23 coding region was PCR amplified using p23-F: 
CCGGAATTCATGCTTTCTCAATTGCTTTC and p23-R: 
CGCGGATCCCGGGCGAGTACCCCTGAAA primers. A construct 35SpGreen-
p23-GFP was transferred into Agrobacterium. Cloning of p23 with predicted 
cleavage fragments were constructed as p23 (1-49 aa), p23 (50-209 aa), p23 (1-19 
aa), p23 (20-49 aa) and p23 (20-41 aa) were made to identify the NLS. Within the 
p23 (20-41 aa) fragment, mutations at three basic aa (K, R and H) were 
constructed using routine high-fidelity PCR (KAPA) by point mutations. In 
addition, three leucine residues (as negative controls) were mutated to confirm the 
NLS in the p23. Arabidopsis seedlings were grown in long-day conditions (16 h 
light/8 h dark, 23 °C). The p23-GFP gene was transformed into wild type 
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Arabidopsis using floral dip method following published protocols (Zhang et al., 
2006b). 
3.2.2 Verification of putative transgenic Arabidopsis plants using Southern 
blot 
     Southern blot was performed strictly following a protocol (Roche, DIG 
application manual for filter hybridization). Briefly, Ten µg genomic DNA was 
digested with EcoRI and separated on an agarose gel overnight. After denaturing 
with buffer (0.5M NaOH, 1.5 M NaCl), the DNA was transferred to nylon 
membrane using capillary transfer method. The transferred DNA was cross linked 
by UV and hybridized with DIG-labeled p23 DNA probe at 42 °C, 16 h. Finally, 
the membrane was probed with anti-DIG antibody before it was developed with 
CPSD substrate.  
3.2.3 Construction of artificial vir-miRNA Hcrsv-miR-H1-5p  
     Vir-miRNA hcrsv-miR-H1-5p was engineered into the endogenous miR319a 
precursor (plasmid pRS300) by site-directed mutagenesis, following the protocol 
by Rebecca Scheab Max-Plank Institute for Developmental Biology, Tuebingen, 
Germany (2005) (Ossowski Stephan, Fitz Joffrey, Schwab Rebecca, Riester 
Markus and Weigel Detlef, personal 
communication; http://wmd.weigelworld.org/cgi-bin/mirnatools.pl.). The artificial 
miRNAs amip23 and amip27 (constructed vrial miRNAs which can target p23 
(375-394 nt) and p27 (2622-2614 nt), respectively) were generated.    
3.2.4 Agrobacterium tumefaciens–mediated transient expression 
      Agrobacteria culture grown to OD600nm= 1.0-1.5 was harvested, containing 
the pGreen-p23-GFP, truncated p23 fragments or artificial vir-miRNA plasmids. 
The cell pellet was resuspended in buffer (pH = 7) containing 10 mM each of 
MgCl2 and MES, and 100 µM acetosyringone, infiltration was performed after 4 h. 
Negative controls include original plasmid (35S pGreen+GFP) and 35S 
pGreen+p27+GFP. All the infiltration transient expression experiments were 
repeated twice. For co-infiltration experiments, agroinfiltration mixtures of 
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pGreen-GFP/amip23, pGreen-p23-GFP/amip23, pGreen-CP-GFP/amip23, 
pGreen-GFP/amip27 and pGreen-p23-GFP/amip27 were prepared. 
3.2.5 Co-immunoprecipitation assay 
      In vivo co-IP was carried out in accordance with the manufacturer’s protocol 
(Pierce, Rockford, IL, U.S.A.). Briefly, 7 days later, wild type and p23-GFP 
transgenic Arabidopsis seedlings (0.1 g) were homogenized on ice in 0.2 ml of 
protein extraction buffer [220 mM Tris–HCl, pH 7.4, 250 mM sucrose, 50 mM 
KCl, 1 mM MgCl2
3.2.6 RNA-CHIP analysis 
, 2 mM phenylmethylsulfonyl fluoride, 10 mM β-
mercaptoethanol, and 1× complete EDTA-free protease inhibitor (Sigma, St. 
Louis)]. The extract was centrifuged at 12,000 g for 10 min to remove cellular 
debris, and the supernatant (100 μl aliquots) was mixed with equal volumes of 
coupling buffer and incubated for 2 h with amine-reactive gel previously coupled 
to 750 µg rabbit anti-GFP antibody. The amine-reactive gel was washed three 
times with coupling buffer and the immunoprecipitated proteins were 
subsequently eluted from the gel with elution buffer. The immunoprecipitates 
were probed with anti-importin α antibody. 
      CHIP experiment was performed following previous protocol (Kaufmann et 
al., 2010). Mock and HCRSV- infected kenaf leaves were used for cross-link with 
formaldehyde. Importin α was used for precipitation. Slight modifications were 
made for RNA-CHIP analysis. RNAnase inhibitor was added before sonication. 
For RNA extraction from eluent, NaCl was added to a final concentration of 200 
mM and placed at 65 ºC for at least 2 h for reverse crosslinking. Next, final 
concentration 40 mM Tris-Cl (pH 6.5), 10 mM EDTA, and 40 μg/ml of proteinase 
K was added to each sample and incubated at 42 ºC for 45 min. Samples were 
subjected to phenol:chloroform purification and isopropanal precipitation. RNA 
pellets were washed once in nuclease-free 75% ethanol, air-dried briefly, and 
resuspended in 20 μl of nuclease-free water. DNA from the samples was removed 
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by using of DNAse I. RNAs can be reverse transcribed using Superscript III RT 




Table 3.1 Primers used in experiments carried out in CHAPTER 3. 
Primer Sequence (5’-3’)  
P23F CCGGAATTCATGCTTTCTCAATTGCTTTC 
P23R  CGCGGATCCCGGGCGAGTACCCCTGAAA  
P23(1-147)F  CCGGAATTCATGCTTTCTCAATTGCTTTCG  
P23(1-147)R  CGC GGATCCGCTCATCGCGCATACAG  
P23(46-183)F  TATGTGTCGCACCTTTCGCC  
P23(46-183)R  CTTCAGGTTCCTCATCAGTGGG  
P23(58-123)F  CGGAATTCATGCTTTCGCCGCAGCTG  
P23(58-123)R  CGGGATCCCAGCGATGCAAGGATCTCG  
P23(148-627)F  CCGGAATTCATGTTGAGGTTGCTGATCCCACTG  
P23(148-627)R  CGCGGATCCCGGGCGAGTACCCCTGAAAATC  
H-CP-F  CTGAATTCCATGCTGCAGAAGAATG ACC  
H-CP-R  GCGGATTC CTAGTTCCTACAGGCCCAC  
qHcVCP(3486-3505)F  TGGGATGGAGGTGAAGCAGAA  
qHcVCP(3610-3591)R  ACCAAGTGAGTGTGCCTGTG  
Hib.act603F  ACGAGCAGGAACTGGAGACT  





3.2.7 Preparation of plant cells and protoplasts for fluorescent in situ 
hybridization (FISH) and silver/DAPI staining 
      Mock and HCRSV-infected kenaf leaves were cut into 1 mm × 1 mm and 
fixed with 4% (w/v) paraformaldehyde, 2.5% (w/v) sucrose in 0.1 M phosphate 
buffer (pH 7.2), 2 h at room temperature.  The cells were washed twice with 
sterile H2
Liang et al., 2002a
O before digested with filter-sterile cellulase (0.8%) and macerase 
(0.25%) for 16 h. The cells were isolated accordingly ( ). 
Protoplasts were transfected with in vitro transcribed RNA from full-length 
HCRSV cDNA (Ambion, mMESSAGE). After 0, 4, 48 and 72 h transfection, 
protoplasts were collected and fixed with fixation buffer described above. The 
FISH procedures (Zenklusen et al., 2008) were adopted with slight modifications. 
Fifty ng Cy3-labeled HCRSV cDNA probe (5’-
GTTGGAGTGCCCCCAAAATGTAGCTTTGCTGCGTTGCCGCATGGAGAG
C-3’) for each reaction was used to localize HCRSV RNA. Images were obtained 
using a confocal laser scanning microscope (Carl Zeiss LSM510 META confocal, 
Germany). 
       Lower epidermal layer of kenaf leaves was peeled off using a pair of forceps 
and stained with DAPI or silver according to the protocol 
(http://www.le.ac.uk/bl/phh4/agnor.htm) described by Heslop-Harrison and 
Schwarzacher of the Molecular Cytogenetics Research Group at University of 
Leicaster, U.K.  
3.2.8 Isolation and verification of highly purified kenaf nuclei and detection 
of HCRSV RNA  
      Instructions of the CelLytic PN Plant Nuclei Isolation/Extraction Kit (Sigma-
Aldrich) were strictly followed. Blotted proteins were probed with anti-
phosphoenolpyruvate carboxylase (PEPC) and anti-histone 3 (H3), followed by 
alkaline phosphatase-conjugated protein A or anti-rabbit IgG peroxidase 
conjugate. Finally, membranes were visualized using nitroblue tetrazolium/5-
bromo-4-chloroindol-3-yl phosphate (NBT/BCIP) staining or Thermo Scientific 
SuperSignal West Pico Chemiluminescent substrate. RT-PCR primers designed to 
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amplify the p23 and the CP coding regions of HCRSV were carried out, using 
total RNA extracted from the highly purified kenaf nuclei. 
3.2.9 Preparation of Total RNA, reverse transcriptase and real-time PCR 
     Total RNAs were extracted using TRIzol reagent (Invitrogen). Reverse 
transcription was carried out using reverse transcriptase (ABI, USA,). HCRSV CP 
gene was amplified with H-CP-F and H-CP-R (table 3.1).  
3.2.10 Prediction and detection of vir-miRNAs 
      Candidate sequences for vir-miRNA in HCRSV were predicted using the Vir-
Mir database (http://alk.ibms.sinica.edu.tw) (Li et al., 2006; Li et al., 2008). 
Standard TaqMan assays for vir-miRNA were obtained from the custom TaqMan 
small RNA assay design tool (https://products.appliedbiosystems.com). Since the 
probe sequence is derived from proprietary bioinformatics analysis by the 
company, an assay ID CSKAJSI (Applied Biosystems), instead of the actual 
sequence, was assigned to a predicted HCRSV vir-miRNA for future ordering. 
The hcrsv-miR-H1-5p was detected subsequently using TaqMan real-time PCR 
(Chen et al., 2005). 
      Two DIG-end-labeled probes (26 nt each) labeled with DIG oligonucleotide 
tailing kit (Roche Applied Science) were used to detect miRNA. The probes used 
were:  
Hcmi305pro-5p (5’-GTGCCCCCAAAATGTAGCTTTGCTGC-3’) and 
Hcmi305pro-3p (5’-GCCGCACAGCAAGCTCATTCGAGCGC-3’).  
Northern blot was performed following a protocol (Kim et al., 2010) with some 
modifications. Prehybridization was performed 1h at 65 °C after UV crosslinking. 
Hybridization was performed at room temperature for 16 h. The membrane was 
washed three times at room temperature with buffer containing 6 × SSC and 0.2% 





3.3.1 A novel NLS was detected in the p23  
     We found that an open reading frame (ORF) p23 of HCRSV is predicted to be 
a transcription factor and it contains a DNA binding motif. Since transcription 
factors are localized in the nucleus, the first step was to test the localization of the 
p23. Agro-infiltration transient expression experiments were performed in order 
to study the p23 sub-cellular localization. The schematic presentations of the p23 
fusion protein constructs were shown (Figure 3.2). Results showed that strong 
signal was detected in the entire cell including nucleus when kenaf leaves were 
infiltrated by a free GFP (Agro-35SpGreen) [Figure 3.3A, first row (Free GFP)]. 
Similar to a positive control Agro-35SpGreen+AXR3-GFP, kenaf leaves 
infiltrated with Agro-35SpGreen+p23-GFP, GFP signal was only present in the 
nucleus [Figure 3.3A, second and third rows (AXR3-GFP and p23-GFP)]. In 
order to exclude the possibility that p23-GFP is small enough to freely diffuse 
into nucleus, a construct 35SpGreen+p23-2×GFP tagged with two GFPs was 
generated. The results showed that signal from 2×GFP was also detected mainly 
in the nucleus; further confirming that the p23 was localized in the nucleus 
[Figure 3.3A, fourth row (p23-2 × GFP)]. No GFP signal was detected in the 





Figure 3.2 Schematic representations of constructs of HCRSV p23 and its 
deletion mutants fused with GFP.  
The 35S represents cauliflower mosaic virus transcription promoter. Black color 
rectangles represent the p23 and its partial deletion mutants of HCRSV. GFP 
represents green florescent protein. The grey bars located within the p23 open 





Figure 3.3 Nuclear localization of the p23 protein of HCRSV. 
DAPI-stained nuclei (blue-color foci) were superimposed onto the differential 
interference contrast (DIC) image to form a merged image. (A) Kenaf leaves were 
infiltrated with free-GFP and the signal was present in the entire cell including 
nucleus; p23-GFP and p23-2×GFP fusion proteins were only detected in the 
nucleus, similar to the positive control AXR3-GFP fusion protein. Free GFP 
represents agro-infiltration with vector lack of inserted gene. Mock represented 
agro-infiltration and no GFP signal was detected. (B) Localization of p23-GFP 
fusion protein to nucleus was affected by basic amino acid(s). Among the three 
basic amino acids (H, R and K) of p23 (20-41)-GFP protein, mutation in any one 
of the basic amino acids abolished nuclear localization of the p23-GFP fusion 
protein. Representative mutant images (H    A, R    A, K    A, RX5H    AX5A, 
KX2RX5H      AX2AX5
  
A) were shown.  
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    To further prove that the p23 was localized in the nucleus, in addition to the 
transient expression experiments, stable p23 expression was also tested. To 
achieve this, a p23-GFP transgenic Arabidopsis was generated. Putative p23 
transgenic line 1 (L1) and line 5 (L5) were determined by PCR using vector 
forward primer (35S, GACCCTTCCTCTATATAAGGAAGTTC) and gene 
reverse primer (p23R, CGCGGATCCCGGGCGAGTACCCCTGAAA) (Figure 
3.4A), as well as southern blot (Figure 3.4B) using DIG-labeled p23 cDNA probe 
and western blot using anti-GFP antibody (Figure 3.4C) to detect if the p23-GFP 
gene was successfully transformed into wild type Arabidopsis. L1 and L5 were 
used to confirm nuclear localization of p23. Similar to the transient expression 
results, Prominent GFP signal was detected in the nucleus [Figure 3.4D, first row 
(L1 or L5)]. In contrast, no GFP was detected in the wild type Arabidopsis 





Figure 3.4 Localization of p23 of HCRSV in nucleus of transgenic 
Arabidopsis thaliana. 
(A) Detection of p23 gene transcript in transgenic Arabidopsis using vector and 
the p23 gene-specific primers in RT-PCR. (B) The p23 was detected in transgenic 
lines L1 and L5, respectively. Southern blot showed that the p23 was successfully 
incorporated into transgenic Arabidopsis. The positive control is a pGreen-p23-
GFP vector digested by EcoRI. L1 and L5 showed one and two bands, 
respectively, indicating one and two inserted gene copies in line L1 and L5 
respectively. (C) Western blot for p23-GFP fusion protein detection in putative 
transgenic plants, anti-GFP antibody was used for immune-blot. (D) DAPI stained 
nuclei (blue-color foci) were superimposed onto the differential interference 
contrast (DIC) image, forming a merged image. The p23-GFP fusion protein was 
detected in the nucleus of p23-GFP transgenic Arabidopsis plants. +ve, positive 
control; -ve, negative control; wt, Wild type; L1 and L5, putative Arabidopsis 




     Even if the p23 can be detected in the nucleus, it is not essential for it to 
possess a NLS since it can bind to other carrier protein to enter nucleus. Hence, 
the p23 was divided into different fragments, according to its predicted cleavage 
sites, corresponding constructs were shown (Figure 3.2). Firstly, HCRSV p23 
fragments (1-49 aa) and p23 (50-209 aa) were constructed into pGreen-GFP 
vector. Only the (1-49 aa) fragment was localized in the nucleus. The p23 (1-49 
aa) fragment was further cut into two parts - (1-19 aa) and (20-49 aa). The latter 
fragment was present in the nucleus. Subsequently, eight aa from the C-terminal 
of p23 (20-49 aa) were removed, leaving only the putative DNA binding motif 
(20-41 aa). Finally, the p23 (20-41 aa) fragment was determined as the shortest 
fragment that was localized in the nucleus. Representative images of nuclear 
localization were shown (Figure 3.5). Fragment containing p23 (20-41 aa), GFP 
signal was largely present in the nucleus [Figure 3.5, second and third rows (1-49 
aa) and (20-41 aa)]. However, for fragments p23 (1-19 aa) and (50-209 aa), GFP 
signal was present in the entire cell [Figure 3.5, first and last rows (1-19 aa) and 
(50-209 aa)].  
     In order to confirm the novel NLS in the p23, mutational analysis was 
performed. Several aa mutations were made in the fragment of p23 (20-41 aa) and 
localization of fusion protein was investigated. From the mutant clones, three 
basic aa mutations (H, R and K) located in positions (20-41 aa) in the p23 of 
HCRSV were studied. Any one of the basic aa mutation abolished nuclear 
localization of p23-GFP fusion protein. A total of seven mutants were generated 
by replacing each basic aa with an alanine residue (H    A, R    A, K    A, KX2R    
AX2A, RX5K   AX5A, HX8K    AX8A and KX2RX5H    AX2AX5A). Five 
representatives were shown (Figure 3.3B). Compared with the localization of p23-
GFP [Figure 3.3A, third row (p23-GFP)], mutant fusion proteins nuclear 
localization was abolished (Figure 3.3B). However, mutants with different leucine 
residues mutated to alanine residue in the fragment of p23 (20-41 aa) retained its 
nuclear localization.   
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Figure 3.5 Detection of nuclear localization signal (NLS) in p23 of HCRSV. 
DAPI stained nuclei (blue-color foci) were superimposed onto the differential 
interference contrast (DIC) image to form a merged image. The fragments of GFP 
fusion proteins pGreen + p23 (1-19 aa)-GFP and pGreen + p23 (50-209 aa)-GFP, 
which did not contain NLS, were present in the entire cell. The pGreen + p23 (1-
49 aa), p23 and p23 (20-41 aa)-GFP, both encompass NLS fragment. GFP signal 




 3.3.2 Localization of HCRSV RNA in nucleus using fluorescent in situ 
hybridization (FISH) and highly purified nuclei 
      Strong Cy3 signals (red dots) were detected in the cytoplasm and nucleus of 
HCRSV-infected cells hybridized with Cy3-labeled probe (corresponding to the 
HCRSV p23 coding region at nt 350-301). The specific Cy3 red dots present in 
the nucleus were highlighted with white arrows [Figure 3.6A, first row (HCRSV)]. 
No signal was detected from two negative controls, HCRSV-infected cells 
without the probe and mock inoculated cells hybridized with the probe [Figure 
3.6A, second and third rows (no probe and mock)].   
      Considering HCRSV RNA was detected in the nucleus, we examined when 
did the RNA enter the nucleus? This was analyzed by a time-point study using 
isolated kenaf protoplasts transfected with HCRSV in vitro transcripts and the 
protoplasts were collected at 0, 2, 4, 17, 24, 36, 48 and 72 h post transfection (hpt).  
The results showed that as early as 4 hpt, HCRSV RNA was detected in the 
nucleus of the transfected protoplasts. Time points at 0, 4, 48 and 72 hpt were 
selected to show the final merged images. The intensity of the red dots observed 
represent an increase in the amount of HCRSV RNA at 48 and 72 hpt, indicating 
that replication of HCRSV RNA increased gradually (Figure 3.6B). As expected, 
there was no signal detected in negative control mock transfected protoplasts 
(Figure 3.6B). This is the first report of a viral RNA genome to be detected in the 






Figure 3.6 Detection of HCRSV RNA in the nucleus of pre-fixed kenaf cells 
and isolated protoplasts. 
 
A single molecule fluorescent in situ hybridization (FISH) method was used, a 
Cy3-labeled cDNA probe (corresponding to the HCRSV p23 coding region at nt 
350-301). DAPI stained nuclei (blue-color foci) were superimposed with the 
differential interference contrast (DIC) to form a merged image. (A) Single cells 
isolated from mock and HCRSV-infected kenaf leaves were pre-fixed with 4% 
paraformaldehyde. Cy3 signals were not detected in HCRSV-infected cells 
without Cy3 probe hybridization and mock inoculated leaf cells (first and second 
rows). Single RNA molecules (red dots pointed out by white arrows) were 
detected in the nuclei of HCRSV-infected cells (red dots within the blue-color 
foci were enlarged and shown in the insert). (B) Kenaf protoplasts were fixed with 
4% paraformaldehyde. Cy3 signals were not detected in mock transfected 
protoplasts. Single RNA molecules (red dots pointed out by white arrows) were 
detected in nuclei of protoplasts transfected with in vitro transcript of full-length 
cDNA clone of HCRSV at 0h, 4 h, 48 h and 72 h, respectively (red dots within the 




      In order to further demonstrate the presence of HCRSV RNA in the nucleus, 
another approach was undertaken. Highly purified kenaf nuclei were isolated 
from HCRSV-infected and mock inoculated kenaf plant leaves. The individual 
nucleus was investigated by confocal microscopy with DAPI staining (Figure 
3.7A). Nuclear and cytoplasmic markers, histone 3 (H3) and 
phosphoenolpyruvate (PEPC), respectively, were used for immunoblot assays to 
verify the purity of the isolated nuclei. The H3 (~17 kDa) and PEPC (~100 kDa) 
were detected only in their respective nuclear and/or cytoplasmic fractions of 
mock and HCRSV-infected kenaf leaves (Figure 3.7B, C). Using the Western blot 
verified high purity nuclei, total RNA was extracted. RT-PCR results showed that 
both the p23 (located at the 5’ end of viral genome) and CP genes (located at the 
3’end of viral genome) were amplified from total RNA of the HCRSV-infected 
kenaf nuclei. As expected, no band was amplified from mock plant nuclei (Figure 
3.7D). This approach further confirmed that HCRSV RNA was present in the 





Figure 3.7 HCRSV RNA was detected in total RNA from purified nuclei. 
(A) Nuclei purified from mock and HCRSV-infected kenaf leaves using 
CelLyticaTM
  
 Plant Nuclei Isolation/Extraction Kit. Nuclei were stained with DAPI 
(Bar = 10 µm). (B, C) Verification of the purity of nuclear and cytoplasmic 
fractions using histone 3 (H3) and phosphoenolpyruvate carboxylase (PEPC) 
antibodies. The same amount of proteins from each fraction was analyzed by 
western blots to show the specific localization of nuclear H3 and cytoplasmic 
PEPC. Total protein, TP. Nuclear and cytoplasmic fractions from mock and 
HCRSV-infected leaves are represented by (M-Nu and M-Cy) and (V-Nu and V-
Cy), respectively. (D) P23 and CP genes were amplified from total RNA extracted 
from HCRSV-infected kenaf nucleus. Mock represent total RNA from buffer 
inoculated kenaf leaves; V represents total RNA from HCRSV-infected kenaf 




3.3.3 The NLS of p23 facilitates the entry of HCRSV RNA into nucleus 
through its binding to impotin α.  
     After showing the HCRSV RNA was present in the nucleus, the next question 
is how does the viral RNA enter the nucleus? It has been reported that a nuclear 
localization signal (NLS) can facilitate RNA to enter nucleus (Wu and Pante, 
2009). Its mode of HCRSV RNA genome entry into nucleus was investigated. It 
has been reported that importin proteins can help other proteins with NLS to enter 
nucleus (Wu and Pante, 2009). Transgenic Arabidopsis expressing p23-GFP and 
anti-GFP antibody were used to perform co-immunoprecipitation (co-IP). Eluted 
protein was probed with anti-importin α antibody. Compared with the wild type 
plant, the importin α was only detected in the protein extract from p23-GFP 
transgenic Arabidopsis plants (Figure 3.8A), indicating that the p23-GFP enters 
nucleus with the aid of importin α.  
Our hypothesis is that importin α, p23 and HCRSV RNA form a complex to 
enter nucleus. For detecting if importin α can bind HCRSV RNA and facilitates 
its entry into nucleus, RNA-chromatin immunoprecipitation (RNA-CHIP) 
experiment was carried out. The results showed that importin α was detected in 
both sonicated mock and HCRSV-infected kenaf leaves, suggesting that importin 
α was present in the cross-linked protein-RNA complex (Figure. 3.8B, first row). 
For RNA that was eluted from the agarose beads, the p23 gene encoding fragment 
(46-183 nt) was detected only in HCRSV-infected kenaf leaves, but not in mock 
inoculated leaves (Figure 3.8B, second row). The results indicated that the NLS of 
p23 facilitates the entry of HCRSV RNA into nucleus through its binding to 




Figure 3.8 Detection the complex of p23, importin α and HCRSV gnome to 
form a complex using RNA-CHIP. 
 
(A) Wild type (wt) and p23-GFP transgenic Arabidopsis L1 and L5 lines were 
used as plant materials; anti-GFP antibody was used to carry out co-
immunoprecipitation. The pull down protein was probed with anti-importin α 
antibody. Importin α was detected in the CO-IP samples. (B) Mock and HCRSV-
infected kenaf leaves were used for RNA-chromatin immunoprecipitation (CHIP). 
Before immmunoprecipitation, importin α was detected in sonicated mock and 
HCRSV-infected kenaf leaves. Truncated p23 (46-183 aa) of HCRSV was 
detected only in HCRSV-infected leaves using RT-PCR from eluted RNA. M, 






3.3.4 Prediction and detection of vir-miRNA in total RNA extracted from 
highly purified kenaf nuclei of HCRSV-infected and agro-infiltrated leaves  
     After showing how HCRSV RNA could enter nucleus, the next question is 
why it enters? miRNA was studied extensively in recent years and many viral-
miRNAs have been discovered. In addition, according to the vir-miRNA 
prediction database (Vir-Mir), five candidates (Figure 3.9A, B), namely hcrsv-
miR-H1-5p (nt 305-394), hcrsv-miR-H2-5p (nt 537-622), hcrsv-miR-H3 (nt 2096-
2180), hcrsv-miR-H4-3p (nt 2836-2910) and hcrsv-miR-H5-3p (nt 3247-3337), 
respectively, were predicted from the complete nucleotide sequence of HCRSV 
(NC_003608). 
     In order to prove that there is vir-miRNAs existed in the HCRSV, two 
approaches were carried out. Firstly, mature miRNAs were quantified using 
TaqMan
® 
      The results showed that mature miRNAs (~24 nt) were detected using both 5’- 
and 3’-DIG-labeled 26 nt miRNA probes in northern blot analysis (Figure 3.9B). 
Since the total RNA was extracted from highly purified nuclei, siRNAs were 
excluded. In addition, the siRNAs are not present in nucleus as they are produced 
in the cytoplasm. Furthermore, these small RNAs, which were detected from 
TaqMan real-time PCR (commercial designed primers specific for miRNAs) and 
MicroRNA Assays, in which the stem-loop RT primers are more 
specific than the conventional ones. The results showed that vir-miRNAs were 
detected in total RNA extracted from HCRSV-infected kenaf leaves. In order to 
exclude the involvement of siRNAs, total RNAs isolated from highly purified 
kenaf nuclei were also used for the vir-miRNA detection, using TaqMan real-time 
PCR. A plant conserved miRNA mi395a (as a positive control) showed high 
expression level (Figure 3.9A, upper panel), indicating the feasibility of TaqMan 
real time PCR system. Similar to the positive control, strong vir-miRNA (hcrsv-
miR-H1-p5) signal was detected from total RNA of isolated purified nuclei. 




northern blot, were not random degradation fragments of HCRSV, because these 
small RNAs were detected from at least 3 independent experiments. 
      In order to further prove that the small RNA signals detected were miRNAs, 
but not siRNAs that were generated from HCRSV infection. Experiments using 
Agrobacterium-infiltrated p23-GFP gene was performed. Highly purified nuclei 
were extracted from corresponding genes (GFP, p23-GFP and p27-GFP) 
infiltrated into kenaf leaves after 72 h. Then total RNAs were extracted from these 
purified nuclei. RT-PCR results showed that the sequence encoding p23 was only 
detected from p23-GFP Agrobacterium-infiltrated kenaf leaves, but not from 
empty vector (GFP) or negative control (p27-GFP). Similarly, vir-miRNA hcrsv-
miR-H1-5p was also detected only in total RNA from the nuclei of p23-GFP 





Figure 3.9 Detection of HCRSV vir-miRNA.  
(A) Vir-miRNA hcrsv-miR-H1-p5 was detected using Taqman real time PCR. 
miR395a was used as a positive control; hcrsv-miR-H1-p5 was detected from 
total RNA extracted from nuclei of HCRSV-infected leaves. No RNA template 
was used as a negative control. (B) Vir-miRNA hcrsv-miR-H1-p5 was detected 
using northern blot. The amount of total RNA mock and HCRSV-infected 
samples used was 15 µg each. Small RNAs were detected from total RNA 
extracted from nuclei of HCRSV-infected kenaf leaves using both 5’- and 3’-
DIG-end-labeled miRNA probes (Hcmi305pro-5p, HCRSV nt 344-319; 
Hcmi305pro-3p, HCRSV nt 382-357). (C) HCRSV p23 was downregulated by 
vir-miRNA. One of the candidate vir-miRNA (hcrsv-miR-H1-5p) was constructed 
into an artificial miRNA expression vector (amip23). Kenaf plant leaves were 













 3.4 Discussion 
        
      In this study, we have identified the presence of a viral RNA genome in 
nucleus. Using FISH, we demonstrated the presence of the Cy3-labelled probe 
targeting viral RNA in the nucleus of single cells isolated from 
paraformaldehyde-fixed HCRSV-infected kenaf leaves and protoplasts. Western 
blot analysis verified that the isolated nuclei were highly purified. Using total 
RNA extracted from the purified nuclei, both of the p23 coding region (located 
near the 5’-end of the viral genome) and the CP gene (located near the 3’-end of 
the viral genome) were amplified using RT-PCR. Finally, using the customized 
stem loop primers, vir-miRNA was detected using Taqman®
Landgraf et al., 2007
 real-time PCR. In 
addition, small RNAs were detected using both 5’ and 3’ miRNA probes, 
suggesting that both of the mature miRNA strands may have higher expression 
level in the cells ( ). In theory, since vir-miRNAs are 
generated in the nucleus in plants, nucleated and enucleated protoplasts appeared 
to be a good method to compare the presence or absence of vir-miRNAs in the 
nucleus. However, vir-miRNAs that are generated in the nucleus are not 
distinguishable from siRNAs that are generated in the cytoplasm upon virus 
infection. Both mature vir-miRNAs and siRNAs contain single-stranded RNA 
molecules of approximately 21-25 nucleotides in length and their sequences are 
both derived from the same virus genome. As a result, the vir-miRNAs and 
siRNAs produced separately in the nucleus and in the cytoplasm are 
indistinguishable. Therefore, isolating highly purified nuclei from HCRSV-
infected kenaf leaves and detecting the vir-miRNAs is the only viable method to 
separate vir-miRNAs from siRNAs. 
3.4.1 Vir-miRNA Hcrsv-Mir-H1-5p targets the p23 gene of HCRSV 
     HCRSV RNA entering nucleus may be used to synthesize vir-miRNAs. Since 
the first vir-miRNA was discovered, its functions have been studied.  It represses 
both host cellular genes and viral genes to aid viral replication and to function as 
orthologs of cellular miRNAs. While vir-miRNAs have been discoverred 
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progressively from DNA viruses, there is none reported in RNA viruses. The 
current knowledge shows that RNA virus replication is associated with the 
cytoplasmic membranes in the host cells. As the dicer-like processing complex is 
located in the nucleus and viral RNA is not known to enter nucleus where vir-
miRNA is generated, it is not apparent how RNA viruses can be processed to 
yield mature miRNAs in the cytoplasm (Cullen, 2009). However, a known miR-
124, which was artificially inserted into an intron of an nuclear export protein 
transcript, could be delivered into the cytoplasm of murine fibroblasts by a 
modified Influenza virus (Varble et al., 2010). Since both vir-miRNAs and 
cellular miRNAs are found in the RNA-induced silencing complex (Bartel, 2004; 
Cullen, 2009), it is deduced that vir-miRNAs can also target viral and cellular 
mRNAs. One possibility is that vir-miRNAs can target viral RNAs as they are 
derived from the same genomic sequence. Expression of viral genes, such as that 
from EBV, Simian virus 40 and Herpes simplex virus, can be down-regulated by 
their respective vir-miRNAs (Lo et al., 2007; Tang et al., 2008b; Umbach et al., 
2008). Furthermore, if one or two bases of the vir-miRNAs are changed, its 
specificity can also be altered. Consequently, the genomic sequences encoding the 
vir-miRNAs would exhibit rapid evolutionary drift. Thus, co-evolution of vir-
miRNAs and their corresponding viral RNA are expected. The second possibility 
is that vir-miRNAs can target cellular genes. For example, expression of LMP1 
protein is modulated by EBV-encoded BamHI-A rightward transcript Cluster 1 
miRNAs which targets the 3’ UTR of the LMP1 gene (Lo et al., 2007). Another 
example is protein thrombospondin 1, which is down regulated by Kaposi 
sarcoma-associated herpesvirus-encoded miRNAs (Samols et al., 2007).  
       Using constructed vir-miRNA hcrsv-miR-H1-5p (amip23) for co-infiltration 
experiments, we tested if hcrsv-miR-H1-5p can target the p23 to regulate its 
expression. Our results showed that amip23 can target and downregulate p23 gene 
in co-infiltrated pGreen-p23-GFP/amip23, as compared with p23-GFP infiltrated 
alone, or pGreen-p23-GFP/amip27 (Figure 3.9C). As expected, for negative 
controls pGreen-GFP/amip23, pGreen-CP-GFP/amip23, there was no p23 gene 
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expression detected. From our previous findings,  p23 is essential for HCRSV 
replication and any mutations introduced into the ORF of p23 would abolish viral 
replication in kenaf plants (Liang et al., 2002b). Therefore, the presence of hcrsv-
miR-H1-5p may inhibit viral replication. As a result, replication of the virus is 
regulated. In addition, the p23 ORF sequence, from which hcrsv-miR-H1-5p is 
derived, might also alleviate evolutionary constraints. It is also possible that 
hcrsv-miR-H1-5p will target host genes which are involed in plant defence 
processes. Negative regulation of host defence genes will allow higher virus 
replication.  
3.4.2 The NLS of p23 facilitates Importin α and HCRSV RNA to enter 
nucleus  
      Our results showed that the p23 of HCRSV contains a novel NLS, which is 
different from the classical NLS (cNLS) for nuclear protein import. The best 
characterized transport cNLS consists of either one or two clusters of basic aa. 
One type of the cNLSs, as represented by PKKKRRV, is from the SV40 large T 
antigen (Kalderon et al., 1984a; Kalderon et al., 1984b; Lanford and Butel, 1984; 
Goldfarb et al., 1986). The other type, as represented by 
KRPAATKKAGQAKKKK, is from the nucleoplasmin (Robbins et al., 1991). 
The rules are that for the single motif, it is characterized by a cluster of 5 basic aa 
residues and the double motifs consist of two clusters of basic aa residues 
separated by 9-12 aa residues. However, not all experimentally known NLSs 
follow the same rules (Hsieh et al., 1998; Truant and Cullen, 1999; Irie et al., 
2000; Cingolani et al., 2002; Ma et al., 2002; Birbach et al., 2004; Cherezova et 
al., 2011; Li et al., 2012). Furthermore, many non-nuclear proteins also contain 
such clusters of basic aa residues. Similar to the non-cNLSs, the verified NLS of 
p23 (LSPQLLKLSRTPVSLHEILASL) which is leucine rich and highly 
hydrophobic. The NLS of p23 overlaps with the predicted DNA binding domain. 
It agrees with a previous report in which the authors found that there is an overlap 
in the NLS and DNA binding region of 90% of the proteins for which both the 
NLS motif and DNA-binding regions were found (Cokol et al., 2000).  It is 
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reported that positively charged residues are abundant in NLSs and some of them 
can bind to importins to aid nuclear proteins to enter nucleus (Truant and Cullen, 
1999). Our results also showed that mutation to any of the 3 positively charged 
basic aa - arginine (R), lysine (K) and histidine (H), would disrupt p23 nuclear 
import.  
      For a protein with an NLS entering nucleus, the molecular basis for 
recognition of a cNLS by importin α has been defined using x-ray crystallography 
(Conti et al., 1998; Conti and Kuriyan, 2000; Fontes et al., 2000; Fontes et al., 
2003). Since the cNLS is oftern thought of as the typical NLS, many proteins use 
the classcial import pathway to enter nucleus. Our co-IP results showed that 
importin can bind to the p23, indicating that it also adopt the classical way for the 
entry of nucleus. The reason we used the p23-GFP transgenic Arabidopsis as co-
IP materials is due to low expression level of p23 in vivo. The p23 is predicted to 
be a transcription factor. In addition, since the p23 is highly hydrophobic, it is 
difficult to express it. Attempts to produce a monoclonal antibody to p23 was 
unsuccessful. Using the p23 with a GFP tag (p23-GFP) which was driven by a 
strong Cauliflower mosic virus (CaMV) 35S promoter, it is possible to obtain 
sufficient quantity of p23 protein for immunoprecipitation. Furthermore, RNA-
CHIP experiments also showed that importin α can bind to HCRSV RNA, 
forming a p23-importin α-HCRSV RNA complex, and facilitates HCRSV RNA to 
enter nucleus. 
     Viral genetic material enterring nucleus can affect nucleus, for example, the 
target of rapamycin (TOR) protein, which is a conserved regulator of ribosome 
biogenesis, can modulate nucleolar structure (Tsang et al., 2003).  The CaMV 
ORF VI product (P6) is an essential determinant for the formation of viroplasms 
(Haas et al., 2005). Cucumber mosaic virus 2b protein nucleolar localization was 
affected by its respective mutants (Gonzalez et al., 2010). However, from our 
silver and DAPI staining of nucleus, there were no differences in nucleolus 





Figure 3.10 Nucleolus of mock and HCRSV infected kenaf leaf and 
protoplasts. 
Upper panels show silver staining of nucleolus (dark brown color) in a kenaf 
epidermal leaf cell. Lower panels show DAPI stained nucleoli (dark spots in the 




3.4.3 The presence of viral RNA in the nucleus may unravel novel funcitons 
in gene regulation 
     Our results showed that similar to DNA viruses, viral RNA genome can also 
enter nucleus. The evidences obtained so far demonstrated that the presence of 
HCRSV RNA in the nucleus was due to transportation. There is no clue that the 
virus genome can replicate in the nucleus of the host cells. However, the presence 
of HCRSV genome in the nucleus will  unravel more functions of RNA viruses. 
For example, do all RNA viruses enter nucleus of host cells? Does viral RNA 
interact with host components in nucleus to regulate gene expression? Better 
understanding on how viral replication is regulated will allow researchers to 
control viral diseases by designing specific molecules to target viral pathogens in 
future. 
     In conclusion, we have discovered a novel NLS in p23. In addition, we have 
also identified the presence of a (+)-sense ss viral RNA in the nucleus, where vir-
miRNAs are generated. The NLS in p23 facilitates viral RNA to enter nucleus 
through its binding to importin α. 
     Since any of the basic aa mutation located in the p23 NLS region will affect its 
nuclear localization, we further investigated if these mutations can also affect the 





Chapter 4 Basic amino acid mutations in the 
nuclear localization signal of Hibiscus 





     Among positive-sense single-stranded plant RNA viruses, there are 19 
reported members in the genus Carmovirus, family Tombusviridae (International 
Committee on Taxonomy of Viruses, http://ictvonline.org/virusTaxonomy.asp? 
version=2012). A few of them are studied more extensively. These include 
Carnation mottle virus (Huang et al., 2000), Cowpea mottle virus (You et al., 
1995), Hibiscus chlorotic ringspot virus (HCRSV) (Huang et al., 2000), Melon 
necrotic spot virus (Riviere and Rochon, 1990), Pelargonium flower break virus 
(Berthome et al., 1998), Saguaro cactus virus (Weng and Xiong, 1997) and 
Turnip crinkle virus (TCV) (Carrington et al., 1989). In general, the two 5’ 
proximal open reading frames (ORFs) of Carmoviruses encode a p28 and a 
readthrough p81, which are thought to be involved in virus replication (White et 
al., 1995; Li et al., 1998; Rajendran et al., 2002). The p8 and p9, which are 
translated from subgenomic (sg) RNA1, are involved in cell-to-cell movement. In 
addition, coat protein (CP) is also involved in virus movement for TCV (Li et al., 
1998).  
      HCRSV genome contains 3911 nucleotides with seven ORFs (Figure 1). A 
biologically active cDNA clone of HCRSV p223 has been obtained previously 
(Huang et al., 2000). The HCRSV CP (p38) is a capsid protein (Huang et al., 
2000) and a gene silencing suppressor (Meng et al., 2008). In addition, p27 and its 
other in-frame isoforms (p25 and p22.5) affect symptom expression and 
potentiate Carmoviruses movement in kenaf (Huang et al., 2000; Zhou et al., 
2006). Different from other Carmoviruses, HCRSV contains a novel ORF (p23) 
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which is a putative transcription factor and it is indispensable for host-specific 
replication (Huang et al., 2000; Liang et al., 2002b). In addition, the p23 
possesses a novel nuclear localization signal (NLS) which interacts with importin 
α and facilitates HCRSV RNA genome to enter nucleus. 
     For the p23 NLS, any mutation to the three basic amino acids lysine (K), 
arginine (R) and histidine (H) (Figure 4.1) will abolish its nuclear localization. 
Since p23 is essential for HCRSV replication and it is a putative transcription 
factor, whether HCRSV infection can be affected by mutations of the basic amino 
acids is not known. This study is aimed to address this question and to uncover 
any additional function(s) of p23, based on mutations of its basic amino acids. 
This will also contribute to the understanding of virus long distance movement 





Figure 4.1 Organization of HCRSV genomic RNA (3911 nt) and its 
corresponding open reading frames and predicted proteins.  
This diagram is not drawn to scale. The upper rectangles represent open reading 
frames. Untranslated region (UTR); putative transcription factor (PTF); RNA-
dependent RNA polymerases (RdRps); movement protein (mp); pathogenesis-
related gene (prg); coat protein (CP). The dotted vertical line represents a 
readthrough codon UAG. The 3-dimensional rectangles below represent the 
corresponding predicted mature proteins. Basic amino acids K, R, and H represent 




4.2 Materials and methods 
4.2.1 Plant materials and plasmid construction  
  Kenaf seeds (cultivar Everglades 41) were obtained from Mississippi State 
University, U.S.A. and germinated in potting mixture (Universalerde Universal 
Potting Soil, The Netherlands) for 7 days. Kenaf seedlings were transferred into 
potting mixture after emergence of their first true leaves. All plants were grown 
under 16 h light and 8 h dark conditions at 25 °C.  
    Mutations in the basic amino acids of the p23 NLS, which includes mutants 
p223 (H to A) and p223 (K, R to A, A), respectively, were introduced into the 
biologically active full-length cDNA clone of HCRSV p223 (Liang et al., 2002b) 
using appropriate primers (Table 4.1). Enzyme DPnI was used to remove the 
original template after amplification using high fidelity enzyme (KAPA 
Biosystems) and PCR products were transformed into Escherichia coli. Single 
colonies were picked individually for plasmid preparation and sequence 
verification. 
     Artificial-microRNA (amiRNA) amiRp23 or amiRSO was engineered into the 
miR319a precursor (plasmid pRS300) by site-directed mutagenesis (overlapping 
PCR) (Table 4.1), following the protocol described by Rebecca Scheab of Max-
Plank Institute for Developmental Biology, Tuebingen, Germany (2005) 
(http://wmd.weigelworld.org/cgi-bin/mirnatools.pl. Ossowski Stephan, Fitz 
Joffrey, Schwab Rebecca, Riester Markus and Weigel Detlef, personal 
communication). The amiRp23 or amiRSO fragment was inserted into pGreen 
vector with EcoRI and BamHI restriction enzyme sites. The verified plasmid was 
transformed into Agrobacterium tumefaciens GV3101 using electroporation and 




Table 4.1 Primers used in experiments carried out in CHAPTER 4. 
Primer Sequence (5’ to 3’)  
I. amiR-p23 F GATTTTAATTGACTGCACGTCTTTCTCTCTTTTGTATTCC 
II. amiR-p23 R GAAAGACGTGCAGTCAATTAAAATCAAAGAGAATCAATGA 
III. amiR-p23* F GAAAAACGTGCAGTCTATTAAATTCACAGGTCGTGATATG 
IV. amiR-p23* R GAATTTAATAGACTGCACGTTTTTCTACATATATATTCCT 
I. amiR-HcSO F GATTTTAATTGACTGCACGTCTTTCTCTCTTTTGTATTCC 



























HcAct-qF603  ACGAGCAGGAACTGGAGACT  







4.2.2 Plant inoculation with in vitro transcripts of p223 and its two mutants 
     Plasmids (p223, p223 (H to A) and p223 (K, R to A, A) were linearized with 
SmaI and transcribed accordingly using the in vitro transcription kit (Ambion, 
mMESSAGE mMACHINE). In vitro transcribed RNA was verified for integrity 
by gel electrophoresis. One µg of the transcribed RNA was mixed with equal 
volume of 2 × GKP buffer (50 mM glycine, 30 mM K2HPO4
4.2.3 Preparation of kenaf protoplasts for fluorescent in situ hybridization 
(FISH) 
, pH 9.2, 1% 
bentonite and 1% celite). Two fully expanded true leaves from healthy kenaf plant 
were inoculated. Twelve individual plants were used for each treatment. In 
addition to plants treated with in vitro transcribed RNAs of the wild type (wt) 
HCRSV (positive control) and two mutant viruses, plants were also inoculated 
with 1 × GKP buffer as mock (negative control). The experiments were repeated 
twice. 
Protoplasts were isolated following previously described protocol (Huang et al., 
2000; Liang et al., 2002a). Briefly, the collected kenaf leaves were sterilized for 
10 min with 0.8% (v/v) Clorox® 
Zenklusen et al., 
2008
and cut into 1 mm × 1 mm stripes and then 
digested with filter-sterile cellulase (0.8%) and macerase (0.25%) for 16 h. The 
isolated protoplasts were transfected with in vitro transcribed RNA from full-
length HCRSV wt and its basic amino acid mutants. At 72 h post transfection, 
protoplasts were concentrated by 100 × g centrifugation and fixed with the 
fixation buffer 4% (w/v) paraformaldehyde, 2.5% sucrose (w/v) in 0.1 M 
phosphate buffer (pH 7.2) for 2 h at room temperature. The FISH procedures were 
adopted from a protocol described by Zenklusen and Singer (
; Zenklusen and Singer, 2010) with slight modifications. Briefly, 50 ng Cy3-
labeled HCRSV cDNA probe [bind to genomic RNA (gRNA) nt 350 to 301 
which is located in the region of the p23 sequence]. The probe sequence 5’-
GTTGGAGTGCCCCCAAAATGTAGCTTTGCTGCGTTGCCGCATGGAGAG
C-3’ was used to localize HCRSV RNA. All fixed protoplasts were attached to 
poly-L-lysine coated coverslips and stored in 70% ethanol (v/v) at -20 °C before 
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hybridization. Coverslips were inverted onto 25 µl of hybridization solution 
containing  50 ng of Cy3 labeled DNA probe in solution F (40% formamide, 2 × 
SSC, 10 mM NaHPO4, pH 7.5) and solution H (2 × SSC, 2 mg/ml BSA), 1 µg 
yeast tRNA and 1 µg salmon sperm DNA and hybridized overnight at 37 °C. 
Finally, the fixed protoplasts on the coverslips were stained with DAPI and 
mounted with Vectashield®
4.2.4 RNA extraction and cDNA synthesis for RT-PCR and qRT-PCR 
 medium. Images were obtained using a confocal laser 
scanning microscope (Carl Zeiss LSM510 META confocal, Germany). Images 
were captured from three dimensional protoplasts and the average density of 
signals was quantified using Velocity 6.1.1 software (PerkinElmer). 
     Both inoculated and newly emerged leaves were harvested for RNA extraction 
with TRIzol® reagent (Invitrogen) at 19 days post inoculation (dpi). Total RNA 
(~2 μg) were used to generate cDNAs through reverse transcription, using 
oligo(dT)15 as primer and SuperScript® III Reverse Transcriptase kit (Invitrogen). 
Reverse transcription PCR (RT-PCR) (Table 4.1) was used to analyze the gene 
transcript levels of p23 and CP. The quantitative real-time reverse transcription 
PCR (qRT-PCR) was used to analyze amiRp23 expression with CFX384TM
4.2.5 Western blot analysis of HCRSV CP 
 real-
time PCR detection system (Bio-Rad). Actin gene was amplified using 
appropriate primers (Table 4.1) as an internal control for all qRT-PCR. Samples 
of mock, HCRSV wt and two mutants included three biological repeats and each 
qRT-PCR sample provided three technical repeats. The qRT-PCR results from 
different treatments were subjected to the Student’s t-test for statistical analysis. 
    Western blot was carried out according to previously published protocol (Gao 
et al., 2012b). Briefly, inoculated and newly emerged leaves (0.1 g) from p223, 
p223 (H to A) and p223 (K, R to A, A) were collected for protein extraction, with 
0.2 ml of protein extraction buffer [220 mM Tris–HCl, pH 7.4, 250 mM sucrose, 
50 mM KCl, 1 mM MgCl2, 2 mM phenylmethylsulfonyl fluoride, 10 mM β-
mercaptoethanol, and 1 × complete EDTA-free protease inhibitor (Sigma, St. 
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Louis, USA)]. The denatured protein samples were separated on the 12% SDS 
PAGE gel and transferred onto a nitrocellulose membrane (Bio-Rad), followed by 
incubation with anti-HCRSV antibody and visualized using nitroblue 
tetrazolium/5-bromo-4-chloroindol-3-yl phosphate (Fermentas).   
4.2.6 Agrobacterium tumefaciens-mediated transient expression of amiRp23 
and amiRSO 
     Agrobacteria liquid culture containing each of the pGreen-amiRp23, pGreen-
amiRSO (a negative control, it targets a host factor sulfite oxidase) and 
35SpGreen (a second negative control) plasmids, was grown to OD reading (at 
600 nm) between 1.0-1.5 and harvested. The cell pellet was resuspended in 
infiltration buffer (pH 7) containing 10 mM each of MgCl2 
Zhou et al., 2006
and 2-(N-morpholino) 
ethanesulfonic acid (MES), and 100 µM acetosyringone and infiltrated into kenaf 
leaves using a syringe without needle ( ). The experiment was 
carried out thrice. 
4.2.7 Inoculation of amiRp23 and amiRSO into apical meristems of HCRSV-
infected kenaf leaves  
     Inoculation procedures followed the published protocols (Kojima et al., 2000; 
Kojima et al., 2004) with slight modifications. Briefly, Agrobacteria were 
resuspended in the infiltration buffer (1 × 108
 
 cell/ml) instead of water and used as 
inoculum. After pricked with a needle (Ф 0.71 mm), the apical meristems of 10-
day-old seedlings (10 cm height) were inoculated with a cotton applicator 
drenched with the inocula or infiltration buffer alone (as a mock treatment). The 
inoculated seedlings were kept at 22 °C in the dark for 3 days and subsequently 
grown under 16 h light and 8 h dark conditions at 25 °C. After one month, the 







4.3.1 Viral replication was unaffected in the two HCRSV mutants 
      The three basic amino acid mutations of p23 also resulted in changes of both 
amino acids tryptophan (T) and proline (P) to arginine (R) in the p28 and thus its 
readthrough protein p81 which encode the putative RNA-dependent RNA 
polymerases. Therefore, we first investigated if the replication of these two 
mutants were affected due to changes in the p28/p81. Using the Cy3-labeled 
probe with the FISH method, we monitored the viral replication of the HCRSV wt 
and the two mutants in kenaf protoplasts. RT-PCR results showed that basic 
amino acids lysine (K), arginine (R) and histidine (H) remained in their mutated 
status as alanine (A) within 72 hours post transfection. A representative section 
for each of the three dimensional images of HCRSV wt and two mutants was 
shown (Figure 4.2A). Results showed that no Cy3 signal was observed in the 
mock transfected kenaf protoplasts. There was no difference in the density of red 
dots (indicating the presence of viral gRNA) between HCRSV wt and the two 
mutants (Figure 4.2A). The replication level of the HCRSV wt and the two 
mutants was similar, as quantified by the average density of Cy3 signals present 
in the protoplasts (Figure 4.2B). These results indicated that virus replication was 










Figure 4.2 Comparative replication of HCRSV wild type (wt) and two p23 
mutants.  
(A) A single molecule fluorescent in situ hybridization (FISH) method was used 
to detect virus replication, using a Cy3-labeled cDNA probe (corresponding to the 
HCRSV p23 coding region at nt 350-301). DAPI stained nuclei (blue-color foci) 
were superimposed with the differential interference contrast to form a merged 
image. Kenaf protoplasts were fixed with 4% paraformaldehyde. Cy3 signals 
were not detected in mock transfected protoplasts. Representative sections for 
each of the three dimensional images of HCRSV wt and two mutants were shown 
(mock, wt, H to A and K, R to A, A). Single RNA molecules (red dots) were 
detected in the protoplasts transfected with in vitro transcript of full-length cDNA 
clone of HCRSV wt or mutants H to A (H     A) or K, R to A, A (K, R     A, A ) 
mutant at 72 hours post transfection. The average density of Cy3 signals in the 
protoplasts quantified using Velocity 6.1.1 software (PerkinElmer) showed that 
the replication level was similar for the HCRSV wt and its two mutants. Bar = 2 
µm. (B) Comparison of the average Cy3 density measured from 10 protoplasts for 
mock, HCRSV wt, HCRSV basic amino acid mutants H to A and K,R to A,A, 




4.3.2 Symptoms were only observed in HCRSV wt-inoculated kenaf leaves at 
19 dpi   
     After observing that the replication of the two virus mutants were not affected, 
in vitro RNA transcripts of these two mutants were inoculated onto kenaf plants. 
Since severe symptoms were observed on the HCRSV wt infected plants at 19 dpi, 
symptoms caused by HCRSV wt and two mutants were chosen for investigation 
at this time point. No symptom was observed in the inoculated and newly 
emerged leaves of mock inoculated plants (Figure 4.3, mock, white square and 
red circle with dotted outlines), only some mechanical damage due to the 
inoculation was observed (Figure 4.3, mock, white square with dotted outline). 
Chlorotic symptoms were observed on the inoculated and newly emerged leaves 
of HCRSV wt infected plants (Figure 4.3, wt, white square and red circle with 
dotted outlines). In both virus mutants p223 (H to A) and p223 (K, R to A, A) 
inoculated plants, chlorotic spots were observed only on the inoculated leaves but 
not on the newly emerged leaves (Figure 4.3, H to A; K, R to A, A; white squares 





Figure 4.3 Comparison of HCRSV symptoms on kenaf leaves infected with 
wild-type (wt) virus and its two mutants at 19 days post inoculation. 
HCRSV symptoms were not observed in the mock control. HCRSV wt infected 
leaf displayed chlorosis. Symptoms were observed in the inoculated leaves (red 
circles with dotted outline) but not in the newly emerged leaves (white squares 
with dotted outline) of p223 (H     A) and p223 (K, R    A, A) mutants. Close-ups 
of newly emerged leaves and inoculated leaves are shown in inserts with squares 
and circles, respectively.  
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4.3.3 Detection of p23 and CP transcript level in the newly emerged leaves of 
kenaf plants inoculated with wt HCRSV and its two mutants at 19 dpi 
     In addition to visual comparison of symptoms, RT-PCR was performed to 
investigate the expression of p23 and CP genes. The p23 ORF is located at the 5´-
end of the gRNA and is translated directly from the positive single-stranded 
gRNA. Consequently, the RT-PCR would not only monitor the amount of p23 
gene transcript but it would also monitor the total amount of replicated (+) and (-) 
strand gRNAs in inoculated and systemically infected leaves. The results showed 
that p23 gene transcript was detected from newly emerged leaves of HCRSV wt 
and two mutants p223 (H to A) and p223 (K, R to A, A)-inoculated kenaf plants 
at 19 dpi. The actin gene was used as a loading control (Figure 4.4A). Sequencing 
results of the RT-PCR products at 19 dpi showed that for the first mutant p223 (H 
to A), the alanine (A) was reverted back to histidine (H). For the second mutant 
p223 (K, R to A, A), one alanine (A) was reverted back to lysine (K) and the 
second alanine (A) was not reverted back to arginine (R).  
     The CP gene is located at the 3´- 
end and is therefore also present in the gRNA. Thus, the RT-PCR using the CP 
primer set monitors the content of the gRNA and the two sgRNAs in both 
inoculated and systemically infected leaves. The results showed that CP gene was 
detected in the newly emerged leaves of plants inoculated with HCRSV wt and its 
two mutants p223 (H to A) and p223 (K, R to A, A) at 19 dpi (Figure 4.4A). 
However, since the amount of the reverted mutant viruses reaching the newly 
emerged leaves was relatively low, the amount of CP gene expression was 
insufficient to be detected (Figure 4.4B). This is further confirmed by the absence 
of viral symptoms in the newly emerged kenaf leaves infected with the two 




Figure 4.4 Detection of p23 and CP of HCRSV in newly emerged wild type 
(wt), (H to A) and (K, R to A, A) inoculated kenaf plants at 19 days post 
inoculation (dpi), respectively.  
(A) Both p23 and CP genes were detected in the newly emerged leaves of plants 
infected with two mutants (H    A) and (K, R    A, A) at 19 dpi using RT-PCR. 
Actin gene was used as a loading control. The band intensity of each gene 
transcript from RT-PCR results was quantified using ImageJ. (B) Detection of 
HCRSV-CP protein in the wt, mutants H to A and K, R to A, A in the newly 
emerged kenaf leaves at 19 dpi. The CP expression level was below detection 
level for the two mutants.   
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4.3.4 Less severe symptoms in pGreen-amiRp23-inoculated kenaf plants pre-
inoculated with HCRSV 
     In order to verify if p23 plays a vital role in the virus long distance movement 
and resulted in altered symptom expression in the newly emerged leaves, an 
amiRp23 which targets p23 was synthesized. In addition, a negative control 
amiRSO which targets a host factor sulfite oxidase and possesses a different seed 
region as amiRp23 was included. The three PCR fragments of a, b, and c, with 
respective lengths of 289 bp, 209 bp and 316 bp, were obtained (Figure 4.5A). 
The overlapping PCR product d was 694 bp in length (Figure 4.5A). The 
amiRp23 or amiRSO fragment inserted into a pGreen vector to form pGreen-
amiRp23 or pGreen-amiRSO construct was obtained. Firstly, amiRp23 or 
amiRSO was transiently expressed in the infiltrated kenaf leaves (Figure 4.5B) to 
test whether amiRp23 and amiRSO can be overexpressed in vivo. In order to 
study the effect of amiRp23 affecting HCRSV symptom development, generation 
of putative transgenic plants expressing amiRp23 were attempted using the 
Agrobacterium-mediated transformation method previously described (Kojima et 
al., 2000; Kojima et al., 2004). The amiRp23 or amiRSO transcript was detected 
at 30 dpi (Figure 4.5C), similar to the results obtained from the transient 
expression experiment (Figure 4.5B). Silencing efficiency of amiRp23 was also 
monitored in the HCRSV-infected plants and HCRSV-infected plants, followed 
by mock, amiRp23 or amiRSO inoculation (Figure 4.5D). There were significant 
differences of relative amiRp23 and p23 gene between mock with amiRp23 and 
mock with amiRSO treated plants at 0.01 levels of confidence, using the one 
sample Student’s t-test (Figure 4.5B, C, D). Symptoms were less severe in the 
HCRSV-infected plants which were Agro-inoculated with pGreen-amiRp23, as 






Figure 4.5 Less severe symptoms were observed in the newly emerged leaves 
from amiRp23-inoculated kenaf plants which were pre-infected with HCRSV 
10 days earlier. 
(A) Overlapping PCR to obtain amiRp23 or amiRSO. The a, b, c represent the 
required fragments to form amiRp23 or amiRSO. PCR fragment d is the product 
of overlapping PCR from a, b and c. (B) Verification of amiRp23 and amiRSO 
transient expression in the kenaf leaves using Agrobacterium-infiltration by qRT-
PCR. Mock, amiRp23 and amiRSO represent total RNA from mock, amiRp23 
and amiRSO Agro-infiltrated kenaf leaves, respectively. Verification of amiRp23 
(C) and p23 gene (D) transcript levels in the HCRSV-infected kenaf leaves 
treated with mock, amiRp23 and amiRSO by qRT-PCR, respectively. V+mock, 
V+amiRp23 and V+amiRSO represent total RNA from HCRSV infected leaves 
followed by inoculation with mock, amiRp23 and amiRSO, respectively. (E) 
Comparison of symptoms (red circles with dotted outline) in the newly emerged 
leaves between mock (more severe) and amiRp23-inoculated kenaf leaves (less 
severe) pre-inoculated with HCRSV 10 days earlier, using visual observations. 
Significant differences of relative amiRp23 and p23 gene between mock with 
amiRp23 and mock with amiRSO treated plants were calculated using the one 





4.4. Discussion   
    
     Previously by using Agrobacterium-mediated transient expression of p23-GFP 
fusion protein, we have shown that any single or combinations of the mutations of 
the three basic amino acids in the NLS of p23 would abolish its nuclear 
localization in vivo (Gao et al., 2012a). In this study, two representative mutants 
p223 (H to A) and p223 (K, R to A, A), were chosen to test the effects of basic 
amino acids on infected kenaf plants. The first mutant p223 (H to A) has one 
basic amino acid mutated from histidine (H) to alanine (A), and the second mutant 
p223 (K, R to A, A) has two basic amino acids mutated to alanine (A). We 
investigated the effects of these two mutants on virus movement. From these 
results, we may extrapolate the same effects to other basic amino acids within the 
NLS of p23 mutants on virus movement. In order to determine the subcellular 
localization of p23 protein, a GFP fused protein driven by the 35S CaMV 
promoter was used (Gao et al., 2012a). The GFP signal in the fused protein can be 
traced using confocal laser microscopy. However, in the virus mutants, 
localization of p23 protein is not possible due to its minute amount produced. 
Since p23 is an individual ORF expressed in the virus mutant with the same 
amino acids as in the GFP fused protein, it is believed that mutations in the p23 
region will also yield similar results when there are expressed as part of the virus 
mutants.     
     The replicase of RNA viruses, except retroviruses, is highly error-prone (Barr 
and Fearns, 2010). Generally artificially introduced mutations in a virus genome 
will be reverted back under selection pressures. As a result, RNA viruses can 
rapidly eliminate genetic mutations introduced into their genomes. However, 
mutations may induce certain phenotypes on the infected plants. In this study, no 
symptom was observed in the newly emerged leaves of kenaf plants infected with 
the two mutants at 19 dpi.  
     In addition to the NLS of p23, we have also identified the HCRSV gRNA in 
the nucleus where one of the predicted viral miRNAs (vir-miRNAs) hcrsv-miR-
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H1-5p is thought to be generated from the p23 sequence (Gao et al., 2012a). 
Although the two mutations in the basic amino acids in p23 did not affect virus 
replication (Figure 4.2), they could disrupt the nuclear localization of p23 and 
prevent the entry of HCRSV genome into the nucleus. It is believed that vir-
miRNAs play essential roles in overcoming host resistance for efficient infection 
of viruses (Cullen, 2009). When the p23 is unable to enter nucleus, it will not be 
able to interact with host genomes and thus interferes with host transcription that 
confers resistance. In addition, the lack of vir-miRNAs generated by the p23 
sequence would not be made available to target host sequences to counteract host 
defence.  
  In this study, we have adopted two approaches to uncover additional 
function(s) of p23. First, a transgenic approach was used to study the function of 
amiRp23 to silence its target p23 gene. The amiRp23 was designed specifically to 
cleave p23 messenger RNA or to inhibit p23 translation. It may also downregulate 
partial viral gRNA in the p23 region, but not other regions of the viral genome. 
The sgRNAs and viral genes located outside the p23 gene region are not affected. 
Therefore, the downregulation of p23 using amiRp23 (Figure 4.5D) caused 
silencing of p23 and inhibition of long distance virus movement (Figure 4.3) and 
resulted in reduced symptom severity in infected leaves (Figure 4.5E).  Since the 
kenaf plants grown under our laboratory conditions did not produce flowers, we 
were unable to generate transgenic progeny plants. However, using the apical 
meristem inoculation method, we have introduced amiRNA into the plants to 
silence p23. Due to these limitations, we were also unable to generate a reporter 
transgene to monitor the silencing efficiency of amiRp23. Another approach is the 
use of the single molecule detection technique FISH to study virus replication. It 
is a direct visual technique which tracks signals in a single cell. It is a more 
specific and sensitive method for study of viral replication, as compared with 
Northern blot which requires relatively larger amount of RNA samples. We chose 
to use this method over northern blot due to the lack of sufficient amount of 
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RNAs present in some of our test samples. The FISH technique can be broadly 
applied to other virus replication studies.  
     In conclusion, this study has uncovered an additional function of p23 of 
HCRSV. Although the basic amino acid mutants of p23 are prevented from 
entering the nucleus, they are still able to replicate and inhibit virus movement. 
This indicates another example of diverse mechanisms of plant viral genes 
evolved into various functions. 
     In addition to the function study of p23, one of my projects was also focused 
on the investigation of the HCRSV coat protein (HCRSV-CP). From our earlier 
findings, a complete HCRSV CP is involved in pathogenicity and it is a gene-
silencing suppressor (Meng et al., 2006). Using yeast two-hybrid system 
screening, sulfite oxidase (SO) is found to interact with HCRSC-CP (Zhang and 
Wong, 2009). The interaction was found to be associated with peroxisomes, 
which were observed to aggregate in HCRSV-infected cells (Zhang and Wong, 
2009). Sulfur metabolism is closely correlated with a versatile platform for 
launching defence operations. In order to further illustrate the significance of the 
glutathione synthesis during sulfur-induced resistance (SIR) or sulfur enhanced 
defense (SED) process, the CHAPTER 5 will elucidate SED which is involved in 




Chapter 5  Hibiscus chlorotic ringspot virus 
coat protein upregulates sulfur metabolism 




     Hibiscus is a common ornamental plant in Singapore and it is widely 
distributed in the world (Waterworth et al., 1976; Brunt and Spence, 2000; Huang 
et al., 2000; Li and Chang, 2002; Tang et al., 2008a). Hibiscus chlorotic ringspot 
virus (HCRSV) was first reported in the USA (Waterworth et al., 1976). The 
symptoms on HCRSV-infected plants range from a generalized mottle to chlorotic 
ringspots and vein-banding patterns. Many ornamental hibiscus hybrids show 
severe stunting and flower distortion. In the laboratory, we use kenaf (Hibisicus 
cannabinus L.) as a host to study HCRSV. Our earlier work indicated that 
HCRSV-CP is involved in pathogenicity and is a gene-silencing suppressor 
(Meng et al., 2006). In addition, the P and S domains of the CP interacts with host 
protein sulfite oxidase (SO), and this interaction is associated with an increased 
aggregation of peroxisomes in HCRSV-infected leaves (Zhang and Wong, 2009). 
      Sulfur is an essential nutrient for plant growth, similar to nitrogen, phosphorus, 
and potassium (Amtmann and Armengaud, 2009). It is also one of the 
macronutrients for plants and it plays critical roles in catalytic and 
electrochemical functions of biomolecules in the cell (Hesse et al., 2004; Jez et al., 
2004; Rausch and Wachter, 2005; Foyer and Noctor, 2009). Inorganic sulfur is 
taken up by plants from the environment, which assimilate the sulfur as sulfate 
(SO42- Smith et al., 1995) via transport proteins ( ; Kataoka et al., 2004; Rouached 
et al., 2005; Takahashi, 2010). Subsequently, sulfate is reduced to sulfide (S2-
Renosto et al., 1993
) in 
the plastids ( ; Rausch and Wachter, 2005). In the 
mitochondria, plastids and cytosol, sulfide is used to form the essential amino acid 
cysteine (Saito, 2004; Wirtz and Hell, 2007; Kumaran et al., 2009), which is 
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incorporated into sulfur-containing defence compounds (SDCs), such as 
glutathione, glucosinolates and phytoalexins (Noctor et al., 2002; Wachter et al., 
2005; Kopriva, 2006; Zechmann et al., 2008). It is also a donor of reduced sulfur 
for other SDCs, such as thiols, various coenzymes and secondary metabolites. 
These SDCs will protect plants from oxidative and environmental stresses (Foyer 
and Noctor, 2009; Frottin et al., 2009; Marty et al., 2009; Bashandy et al., 2010; 
Koprivova et al., 2010; Yi et al., 2010). Accumulated evidence thus indicated that 
the sulfur metabolism pathway was implicated in biotic stress resistance 
mechanisms, referring to sulfur-induced resistance (Bloem et al., 2005). However, 
since agronomic conditions are multi-factorial, it is possible that sulfur-induced 
resistance is influenced by a number of different stresses and a combination of 
molecular pathways. To better understand the sulfur-induced resistance 
mechanism, hypothesis testing is carried out under controlled conditions by 
involving only the plant and a single pathogen. This concept of sulfur metabolism 
is termed sulfur-enhanced defence (SED) and activation of cysteine and 
glutathione metabolism is related to SED during a compatible plant-virus 
interaction (Holler et al., 2010). 
     When plants are deprived of sulfur, they activate mechanisms to increase the 
uptake of sulfur from soil (Watanabe et al., 2010). However, if the plants are 
unable to accumulate enough sulfate, the assimilation activity in the sulfur 
metabolism pathway  will be reduced due to decreased sulfate uptake (Takahashi 
et al., 1997; Takahashi et al., 2000; Hirai et al., 2003; Hirai and Saito, 2004).            
     There are several genes related to sulfur metabolism. Among them, APS 
kinase (APK) is used to synthesize glucosinalates (Mugford et al., 2009); sulfite 
reductase (SIR) which reduces sulfide to sulfite (Bork et al., 1998; Yonekura-
Sakakibara et al., 1998), adenosine 5′ -phosphosulfate reductase (APR) which 
reduces adenosine 5’-phosphosulfate (APS) to sulfite (Kopriva et al., 2009) and γ-
glutamylcysteine synthetase (GSH1) which forms γ-glutamylcysteine (Jez et al., 
2004) are enzymes which are involved in glutathione synthesis. Glutathione is a 
key regulator of the cellular redox status. It protects plants against oxidative stress, 
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heavy metals, herbicides, and xenobiotics, and is thus a crucial player in the 
defence system of plants under abiotic and biotic stress (Foyer and Noctor, 2009). 
As a redox buffer, glutathione is a key molecule in the protection against reactive 
oxygen species (ROS), which accumulates when a plant is under stress (Rausch 
and Wachter, 2005). ROS production is one of the most fundamental plant 
responses against pathogen attack which leads to tissue necrosis and restriction of 
pathogen spread and activation of other host defense responses. In order for ROS 
to perform its dual function efficiently, cellular levels of ROS must be tightly 
regulated. Glutathione is one of the oxidant scavengers of the cell, lowering the 
overall concentration of ROS before it reaches levels which are detrimental to the 
plants (Foyer and Noctor, 2009).  
      More importantly, enhanced glutathione metabolism has been shown to be 
correlated with SED using Tobacco mosaic virus (TMV)-infected Nicotiana 
tabacum plants and APR and GSH1 genes, which are involved in glutathione 
biosynthesis. These genes were significantly upregulated in response to TMV 
infection in plants provided with sufficient sulfur, indicating that glutathione 
metabolism is directly correlated to SED (Holler et al., 2010). 
     In this study, we are the first to investigate the upregulation of SIR, APK and 
SO gene transcript levels in HCRSV-infected and HCRSV-CP agro-infiltrated 
kenaf leaves and to examine if there is a relationship between SED and HCRSV 
infection. We adopted an established method (Holler et al., 2010; Kiraly et al., 
2011) to verify if SED is triggered upon HCRSV infection, including gene 
transcript levels of APR and GSH1, the amount of cysteine and glutathione, 
symptom development and HCRSV-CP accumulation. We also broadened the 
method by using different concentrations of sulfur (0S, 1S, 2S and 3S) to correlate 
them to symptom development of HCRSV-infected plants. In addition, we treated 
plants with glutathione and its inhibitor L-buthionine-(S,R)-sulfoximine (BSO) to 
verify the SED effect. To gain a deeper mechanistic insight into the SED, we 
focused on SO with sulfur treatments because we previously showed that 
HCRSV-CP interacts with SO and upregulates SO gene transcripts (Zhang and 
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Wong, 2009). Furthermore, SO has been reported to confer resistance in plants to 
high levels of sulfur dioxide, via coping with sulfite overflow (Brychkova et al., 
2007). However, the function of SO to sulfur flux in the cells is not clear 
(Takahashi et al., 2011). The objective of this research was to establish that 
HCRSV-CP interacts with SO which will in turn trigger SED and lead to 
enhanced plant resistance. This is the first attempt to demonstrate the interaction 
of a viral protein and a host protein to trigger SED. 
 
5.2 Materials and methods 
5.2.1 Plant materials and preparation of sulfur solution  
     Kenaf seeds (cultivar Everglades 41) were purchased from Mississippi State 
University, U.S.A.) and germinated on potting mixture  (Universalerde Universal 
Potting Soil, The Netherlands) for 7 days. Kenaf seedlings (1 week old) 
supplemented with 4 different concentrations of sulfur (0S, 1S, 2S and 3S 
representing 0 mM MgSO4 + 0 mM Na2SO4; 0.25 mM MgSO4 + 0.63 mM 
Na2SO4; 0.50 mM MgSO4 + 1.25 mM Na2SO4 and 1.00 mM MgSO4 + 2.50 mM 
Na2SO4,
5.2.2 Virus inoculation 
 respectively) were transferred into sand after emergence of true leaves, 
and each treatment included 34 seedlings. Subsequently, kenaf seedlings were 
supplemented with nutrient solutions containing 4 different concentrations of 
sulfur over 21 days. In addition, the plants were irrigated with a soluble fertilizer 
solution of Nitrogen-Phosphorus-Potassium (NPK 21-21-21), twice a week, to 
maintain a constant moist environment for the roots. For kenaf seedlings used for 
HCRSV infection and Agrobacterium infiltration experiments, the seedlings were 
transferred to potting mixture. All plants were grown under 16 h light and 8 h 
dark greenhouse conditions at 25°C. 
      The youngest fully developed leaves from HCRSV-infected kenaf exhibiting 
chlorotic spots (0.1 g) was homogenized in 0.5 ml of virus inoculation buffer 
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(0.01 M phosphate buffer, pH 7.0) and used for inoculation. Mock-inoculation 
was carried out by rubbing inoculation buffer alone onto the cotyledons. Fully-
developed young leaves were harvested at 3, 6, 12 and 24 h post inoculation (hpi) 
to quantify APR and GSH1 transcript levels through qRT-PCR. This experiment 
was carried out thrice. Fully-developed youngest leaves with severe HCRSV 
infection symptoms were collected for RNA extraction.  
5.2.3 GSH treatment on HCRSV-inoculated kenaf plants 
      After seeds germination on soil, one week-old kenaf seedlings were supported 
with wooden sticks in 50 ml solutions of 1.0 mM GSH, or 0.1 mM BSO (Sigma, 
Aldrich), or H2O for a period of 24 h. L-glutathione in its reduced form (Sigma, 
Aldrich) was diluted in H2O to a final concentration of 1.0 mM. BSO was diluted 
to 0.1 mM in H2
Griffith and Meister, 1979
O. BSO significantly inhibits glutathione synthesis through 
inhibition of γ-glutamylcysteine synthetase ( ; Campbell 
et al., 1991). Each treatment was carried out by completely immersing the roots in 
their respective solutions in separate plastic containers. BSO and GSH solutions 
provided for plants were replaced with fresh solutions every 6 h. Treated 
seedlings were then potted into potting mixture after 24 h. The young seedlings 
would be damaged if the BSO and GSH treatments exceeded 24 h. HCRSV 
inoculation was performed on 2-week-old seedlings. A mock inoculation control 
was included for each H2
5.2.4 Construction of plasmids and detection of HCRSV-CP-GFP in agro-
infiltrated leaves 
O and BSO treatments. This experiment was repeated 
twice. 
     The HCRSV-CP gene coding region was amplified via PCR using appropriate 
primers, HcCP-F (5’-3’), CTGAATTCCATGCTGCAGAAGAATGACC and 
HcCP-R (5’-3’), GCGGATCCGTTCCTACAGGCCCACCAAG A pGreen-CP-
GFP was constructed using a 35S pGreen-GFP vector and then transferred into 
Agrobacterium strain GV3101 using electroporation. Agrobacteria containing the 
individual plasmid of pGreen-GFP or pGreen-CP-GFP were grown to OD600nm= 
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1.0-1.5 in LB liquid medium and harvested by centrifugation. The cell pellet was 
resuspended in buffer (pH 7) containing 10 mM each of MgCl2 
Zhou et al., 2006
and MES, and 100 
µM acetosyringone and kept at room temperature for 4 h. Kenaf leaves were 
infiltrated as previously described ( ). Images were obtained 
using a confocal laser scanning microscope (Carl Zeiss LSM510 META confocal, 
Germany). This experiment was repeated twice. 
5.2.5 RNA extraction and cDNA synthesis 
     Youngest fully-developed leaves were collected at various time points post-
inoculation with HCRSV, after systemic infection was successfully established 
with discernible symptoms.  For detection of sulfur-related gene transcript level, 
leaves were collected at 3, 7, 10 and 14 dpi. For effects of sulfur concentration on 
disease defence, leaves were collected at 3, 6, 12 and 24 hpi, respectively. For 
BSO/GSH treatments and agro-infiltrated pGreen+CP-GFP gene, kenaf leaves 
were collected at 11 (leaves with severe virus infection symptoms) and 68 hours 
post infiltration, respectively.  RNA was extracted using TRIzol® reagent 
(InvitrogenTM). Total RNA (2~3 μg) were used to generate cDNAs through 
reverse transcription, using oligo(dT)15 as primer and SuperScript® 
5.2.6 Quantitative real time RT- PCR 
III Reverse 
Transcriptase kit (Invitrogen). 
       Expression levels of selected transcripts were analyzed via qRT-PCR after 
cDNA synthesis. qPCR was set up in a total volume of 5 μl, in a 384-well plate 
and carried out on the CX384TM Real-Time PCR Detection System (Bio-Rad). 
Each reaction consisted of 1 μl of cDNA template, 0.1 μl each of both gene 
specific forward and reverse primers (10 μM) (Table 5.1), and topped up to 5 μl 
with water. Actin gene was used as internal control for all qPCR. Each test 





Table 5.1 Primers used in experiments carried out in CHAPTER 5. 
Gene Primer Primer Sequence (5’-3’) 
Sulfite oxidase (SO) SO-qF247 ATGTCAGGATGCTGCCAAAAT 
 SO-qR381 TGCTCATGGCAGTCCTCCTAT 
HCRSV coat protein (CP) CP-qF3486 TGGGATGGAGGTGAAGCAGAA  
 CP-qR3610 ACCAAGTGAGTGTGCCTGTG 
5’-adenylylsulfate reductase 
(APR) APR-qF239 TGAAGTGGAACCCTGTTGCC 
 APR-qR343 TGGACACAAATCCTTGGGAATG 
γ-glutamylcysteine 
synthetase (GSH1) GSH1-qF359 TGCGGCATTTGTCTGTTTCTG 
 GSH1qR463 GCAAGTATTGGTGGCTCGTC 
APS kinase (APK) APK-qF72 GTTGGCTTACATACCTTGATGGTG 
 APK-qR206 TGAGTCCAGCATCAGCAAAGA 
Sulfite reductase (SIR) SiR-qF537 TTCTGTGTGACATTCGTAGTGC 
 SiR-qR654 GCTGGACAAGCCATAGCAGT 
Hibiscus cannabinus actin  HcAct-qF603 ACGAGCAGGAACTGGAGACT 





5.2.7 Extraction of total proteins     
     Kenaf leaves were homogenized in the ratio of 0.1 g of leaf to 0.2 ml of 
protein extraction buffer [(220 mM Tris–HCl, pH 7.4, 250 mM sucrose, 50 mM 
KCl, 1 mM MgCl2, 2 mM phenylmethylsulfonyl fluoride (PMSF), 10 mM β-
mercaptoethanol, and 1 × complete EDTA-free protease inhibitor (Sigma, St. 
Louis)]. The homogenate was centrifuged for 10 min, 4°C, at 16.1 × 103 
5.2.8 Western blot and enzyme-linked immunosorbant assay (ELISA) 
g. The 
supernatant was separated and stored at -20°C.  
      For western blot, proteins were separated by denaturing 12% SDS-PAGE gels 
and blotted onto nitrocellulose membranes (Bio-Rad). Blotted proteins were 
probed with anti-HCRSV or anti-GFP antibody, followed by alkaline 
phosphatase-conjugated protein A or anti-rabbit IgG peroxidase conjugate 
(SIGMA A-6154). Finally, membranes were visualized using nitroblue 
tetrazolium/5-bromo-4-chloroindol-3-yl phosphate (NBT/BCEP) staining or 
SuperSignal West Pico (Thermo prod #34077).  
     For ELISA, proteins extracted using 0.05 M carbonate buffer, pH 9.6, were 
coated onto Greiner 96-well plates for 3 h, 37 °C. Protein in the wells was 
incubated with anti-HCRSV antibody for 2 h at 37 °C, followed by secondary 
antibody alkaline phosphatase-conjugated protein A. Finally, freshly prepared 
0.06% 4-nitrophenyl phosphate disodium salt hexahydrate (PNPP-NA2; 4-
NPP) in 9.7% diethanolamine buffer was used for color development, and 
absorbance number was read at 
5.2.9 Electron microscopy and immuno-gold labelling of cysteine and 
glutathione  
a wavelength of 405 nm using a microplate reader 
(Tecan Infinite 200).   
     Preparation of the sample for immuno-gold labelling of cysteine and 
glutathione was performed with ultrathin sections on nickel grids. Samples from 
the youngest fully developed leaves were prepared as previously described 
(Zhang and Wong, 2009). Anti-cysteine or anti-glutathione was used as primary 
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antibody followed by diluted 10 nm gold-conjugated secondary antibody. Finally, 
the grids were dried and stained with 2% (w/v) uranyl acetate and Reynold’s lead 
citrate for 10 and 3 min, respectively, then examined using FEI TECNAT T12 
electron microscope. 
      Following the published method (Holler et al., 2010), five-six samples from 
mock inoculated and HCRSV-infected leaves were examined. The number of 
gold particles per µm2 
 
on 32 ultrathin sections containing cell structures of both 
chloroplasts and peroxisomes from 30 different cells were counted. The numbers 
were analysed using nonparametirc Kruskal-Wallis test. Statistical differences 
were determined at the 0.01 level of confidence. 
5.3 Results 
5.3.1 Analysis of SIR, APK, SO and HCRSV-CP gene transcript levels after 
HCRSV infection  
   In our previous study, we reported that HCRSV upregulates plant SO 
transcript and increases sulfate levels in kenaf (Zhang and Wong, 2009). In 
addition, SO is involved in the sulfur metabolism pathway. We aimed to test if the 
expression level of other genes related to sulfur pathway are altered after HCRSV 
infection. Three main enzymes SIR, APK and SO that are involved in the sulfur 
metabolism pathway were investigated in HCRSV-infected kenaf leaves. The 
leaves collected were fully-developed with severe systemic mosaic and necrosis. 
The reason for choosing these enzymes is that they are the main downstream 
factors in the sulfur metabolism. To test the transcript profiles of the sulfur-related 
genes, a time course experiment at 3, 7, 10 and 14 days post inoculation (dpi) was 
performed. Compared with the different time points, these gene transcripts were 
increased slightly from 3 to 7 dpi and peaked at 10 dpi, thus time point 10 dpi was 
selected to show the relative gene transcript expression levels. The results showed 
that SIR and APK gene transcript levels were upregulated two- and six-fold, 
respectively. The SO transcript level, however, was significantly upregulated 
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approximately 10-fold. The HCRSV-CP gene transcript level was elevated to six-
fold (Figure 5.1). Altogether, the SIR, APK and SO gene transcripts were 
upregulated after HCRSV infection and the significant upregulation time point 
was at 10 dpi. The reason could be that HCRSV-infected kenaf plants contained 
relatively higher amount of viruses and exhibited more severe symptoms at that 
time point. With higher HCRSV-CP expression (six-fold, Figure 5.1), the 
interaction between HCRSV-CP and SO was intensified, which resulted in higher 





Figure 5.1 Expression of sulfite reductase (SIR), APS kinase (APK), sulfite 
oxidase (SO) and Hibiscus chlorotic ringspot virus coat protein (HCRSV-CP) 
gene transcripts in kenaf  (Hibiscus cannabinus L.) leaves 10 days post 
inoculation (dpi) as determined by qRT-PCR. 




 method. The value of mock control was subtracted from HCRSV samples 
and was not shown. Means of three independent biological repeats were shown 
with standard deviations. Significant differences between mock-inoculated and 
HCRSV-infected leaves were calculated using the one sample t-test. Asterisks (∗ 
and ∗∗) indicate significance at 0.05 and 0.01 levels of confidence, respectively.  
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5.3.2 Analysis of SIR, APK, SO and HCRSV-CP gene transcript levels after 
agro-infiltration with HCRSV-CP gene  
     Although the sulfur pathway-related genes SIR, APK and SO were upregulated 
after HCRSV infection and HCRSV-CP interacts with SO, it is uncertain whether 
the changes of the sulfur genes transcript levels were caused by HCRSV-CP. To 
test if HCRSV-CP interacting with SO results in upregulation of related genes in 
sulfur metabolism pathway, agro-infiltration with HCRSV-CP-GFP gene 
experiments were performed. To investigate HCRSV-CP gene expression and 
fusion protein translation, confocal microscopy and western blot with anti-GFP 
antibody were used. Strong GFP signals were both detected from empty vector 
pGreen-GFP and pGreen-CP-GFP. The pGreen-CP-GFP was not detected in the 
nucleus, indicating that HCRSV-CP does not enter nucleus. In addition to the 
direct observation with confocal microscopy (Figrue 5.2A), the CP-GFP fusion 
protein (68 kDa) could also be detected using western blot analysis (Figure 5.2B). 
Using the total RNA extracted from kenaf leaves agro-infiltrated with HCRSV-
CP gene, quantitative real time RT-PCR (qRT-PCR) was carried out. Results 
showed that SIR, APK and SO were upregulated. Since the HCRSV-CP gene was 
artificially infiltrated into the kenaf leaves, a significantly increase in transcript 
level (around 230-fold) was observed. The APK gene showed a relative higher 
expression level (30-fold), as compared with the other two genes SIR (four-fold) 
and SO (eight-fold) (Figure 5.2C). In order to further investigate the ability of 
HCRSV-CP to upregulate sulfur pathways-related genes expression, a CP 
transient expression titration experiment was carried out. Different concentrations 
of Agrobacterium (OD600
    The upregulation of SED-related gene transcripts in HCRSV-infected and 
HCRSV-CP-infiltrated leaves were different (Figures 5.1 & 2). One possibility is 
 = 0.5, 1.0, 1.5 and 2.0 respectively) containing 
increasing amount of HCRSV-CP gene were infiltrated. However, even different 
amounts of Agrobacterium were used for infiltration, no differences were 




that these data were obtained under two different experiment conditions. Kenaf 
plants infected with HCRSV undergo a natural progression of infection, whereas 
HCRSV-CP infiltration was an artificial system for gene expression. Therefore, 
over-expression of HCRSV-CP may lead to some irregularities in SED-related 
gene transcript levels. Another reason is that besides HCRSV-CP, more genes 
may be involved in the regulation of SO, causing upregulation of sulfur pathway-
related genes. Regardless, all of the three SED-related genes were upregulated in 
both cases. This is the first demonstration that upregulation of SO, APK and SIR 
is correlated to a virus coat protein. It is consistent with the results obtained from 
HCRSV-infected plants. These results lead us to proceed to verify whether SED 





Figure 5.2 Gene transcript levels of sulfite reductase (SIR), APS kinase (APK), 
sulfite oxidase (SO) and Hibiscus chlorotic ringspot virus coat protein 
(HCRSV-CP) after CP gene was agro-infiltrated into kenaf leaves (Hibiscus 
cannabinus L.), as determined by qRT-PCR. 
(A) HCRSV CP-GFP fusion protein expression as shown by confocal microcopy. 
(B) Western blot analysis using GFP antibody. (C) Expression of SIR, APK, SO 
and HCRSV-CP gene transcripts. Relative gene transcription data was analyzed 
using 2-∆∆CT
  
 method. Means of three independent biological repeats were shown 
with standard deviations. Significant differences between control infiltrated and 
HCRSV-CP infiltrated leaves were calculated using the one sample t-test. 




5.3.3 Verification of SED to HCRSV infection  
     After observing the correlation of HCRSV infection and SED-related gene 
expression, we aimed to determine if the SED pathway was involved in the 
HCRSV infection process. To investigate the effects of SED upon HCRSV 
infection, experiments were carried out following a similar protocol (Holler et al., 
2010; Kiraly et al., 2011) with slight modifications. Mixing different sulfate 
sources was to provide magnesium and sodium which are nutrients essential for 
maintaining normal plant growth. In this study, 1-week-old kenaf seedlings were 
supplemented with 4 different concentrations of sulfur (0S, 1S, 2S and 3S 
representing 0 mM MgSO4 + 0 mM Na2SO4; 0.25 mM MgSO4 + 0.63 mM 
Na2SO4; 0.50 mM MgSO4 + 1.25 mM Na2SO4 and 1 mM MgSO4 + 2.50 mM 
Na2SO4,
     Comparing the mock and HCRSV-infected kenaf, chlorotic and necrotic spots 
were only observed in HCRSV-infected kenaf plant leaves. In HCRSV-infected 
plants that were not supplemented with sulfur (0S), severe vein clearing and 
higher density of chlorotic spots were observed on the leaves. For plants 
supplemented with 1S, reduction of necrotic spots was observed. For plants 
supplemented with 2S and 3S, the leaves displayed less disease symptoms and no 
necrotic spots were observed.  
 respectively). The seedlings treated with 4 different concentrations of 
sulfur were investigated at 7, 14 and 21 dpi (inoculation with HCRSV). Plants 
were examined at 14 dpi with HCRSV. The reason for not choosing 7 and 21 dpi 
is because the leaf symptoms at 7 dpi was not as severe as those at 14 dpi. The 
normal plant development was severely affected in 0S plants by 21 dpi. Lower 
concentrations of sulfur provided to kenaf plants cultivated in sand retarded plant 
development. The upper leaves of 0S plants showed severe chlorosis and stunting. 
Plants supplemented with sulfate at 1S, 2S and 3S showed corresponding 
increases in the intensity of green leaves and leaves from 3S plants showed lavish 
green and healthy appearance (Figure 5.3A).  
     In addition to the symptoms observed, more molecular evidences were 
provided to verify that sulfur plays an essential role during HCRSV infection. It 
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was reported that APR and GSH1 were early response genes which are 
participated in the sulfur metabolism pathway (Holler et al., 2010). Therefore, 
verification of APR and GSH1 gene transcript levels at the early infection of 
HCRSV was performed. Leaves were collected at 3, 6, 12 and 24 hours post 
inoculation (hpi). For all the test time points, the transcript level of APR increased 
in plants supplemented with higher concentrations of sulfur, as compared to plants 
without sulfur supplement (0S). Transcript level of APR increased over time and 
reached a peak at 12 hpi (Figure 5.3B). Similarly, GSH1 transcript level showed 
an upward trend with increasing concentrations of sulfur and reached its peak 
between 6 to 12 hpi (Figure 5.3B). Since there was insufficient sulfur provided, 








Figure 5.3 Symptoms and gene transcripts levels of adenosine 5′ -
phosphosulfate reductase (APR) and γ-glutamylcysteine synthetase (GSH1) 
of kenaf subjected to different concentrations of sulfate solution 0S, 1S, 2S 
and 3S. 
(A) Symptoms of kenaf mock and HCRSV-infected leaves supplemented with 0S, 
1S, 2S, 3S sulfate solutions, at 14 dpi. Prominent chlorotic spots were observed 
on HCRSV-infected leaves at 0S. The 1S, 2S and 3S represent 0.25 mM MgSO4 
+ 0.63 mM Na2SO4; 0.50 mM MgSO4 + 1.25 mM Na2SO4 and 1.00 mM MgSO4 
+ 2.50 mM Na2SO4
  
, all with extra amount of sulfur, was provided to kenaf plants 
grown in sand. (B) APR and GSH1 genes transcript levels were analyzed in the 
keaf leaves at 3, 6, 12, and 24 hours post inoculation using qRT-PCR. Means of 
three independent biological repeats with standard deviations were shown. 
Significant differences between mock-inoculated and HCRSV-infected leaves 
were calculated using the t-test (p<0.01). Two-way ANOVA of APR and GSH1 
gene transcript levels showed that there were significant differences between 
different sulfur concentrations (p<0.05) but not at different time points.  
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     HCRSV infection and HCRSV-CP infiltration experiments indicated that the 
SED- related genes SIR, APK and SO were upregulated (Figures 5.1 & 2). In 
addition, cysteine, as an essential component of glutathione synthesis, is the 
downstream product of the sulfur pathway. The glutathione could be artificially 
increased by cysteine supplement (Gullner et al., 1999; Harms et al., 2000; 
Zechmann et al., 2007). Furthermore, the increased level of cysteine and the 
subsequent amount of glutathione was correlated with higher level of sulfate 
(Dekok et al., 1981; Schnug et al., 1995; Bloem et al., 2004). However, the 
amounts of cysteine and glutathione in young leaves were decreased significantly 
(Blake-Kalff et al., 2000; Nikiforova et al., 2006; Parmar et al., 2007). In this 
study, the amounts of cysteine and glutathione were investigated using immuno-
gold electron microscopy (IEM). Mock and 3S-supplemented kenaf plants were 
selected. From the IEM, the presence of cysteine or glutathione inside plant 
organelles were observed as electron-dense dots (gold particles) on the electron 
micrographs. More dots indicated larger amounts of cysteine or glutathione. The 
amount of immuno-gold particles was quantified in chloroplasts and peroxisomes. 
More gold particles were observed in both organelles of 3S-supplemented kenaf 
plants at 14 dpi (Figure 5.4). Comparing 3S-supplemented and 0S plants after 




) was about eight-fold higher in chloroplasts and four-fold higher in 
peroxisomes (Figure 5.4A). Similarly, for glutathione content, it was about five-
fold higher in chloroplasts and three-fold higher in peroxisomes (Figure 5.4B). 
Cysteine is an upstream molecule which leads to the production of glutathione in 
the sulfur metabolism pathway which in turn is involved in plant defence (
). Higher amount of cysteine and glutathione in 3S-
supplemented plants further indicated that 3S plants were more resistant to 






Figure 5.4 Quantification of cysteine (A) and glutathione (B) in 0S- and 3S-
supplemented kenaf plants 14 days after HCRSV infection using immuno-
electron microscopy.  
Gold particles per unit area (µm2
  
) were counted in organelles of chloroplasts and 
peroxisomes, which were involved in cysteine and glutathione biosyntheses. Thin 
sections were first incubated with cysteine or glutathione antiserum separately and 
subsequently with goat anti-rabbit secondary antibody conjugated to 10 nm gold 
particles. Number of immuno-gold particles in chloroplasts and peroxisomes was 
counted. Data include means with standard errors. Significant differences were 
calculated using the Kruskal-Wallis test. Asterisks (∗∗) indicate significance at 
the 0.01 level of confidence. Chl, chloroplast; P, peroxisome; bar=100 nm.  
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     After demonstrating 3S-supplemented plants contained more glutathione 
which is involved in SED, HCRSV-CP gene transcript level was quantified at 7, 
14, 21 dpi, respectively, to confirm that 3S-supplemented kenaf plants were more 
resistant, using qRT-PCR and western blot analysis. At 14 dpi, HCRSV-CP 
transcript level in the 0S plants was significantly higher than that of the 3S plants, 
indicating that the 0S plants were least resistant to virus infection (Figure 5.5A). 
     While HCRSV-CP may interact with SIR or APK to trigger SED, we focused 
on SO in the 0S and 3S treatments because previously we have showed that there 
is a strong interaction between HCRSV-CP and SO (Zhang and Wong, 2009). As 
expected, SO also showed higher expression in the 3S plants (Figure 5.5A). Since 
the 3S plants are supplemented with higher amounts of sulfate, it would be 
reduced to sulfite by APR. However, the presence of large amount of sulfite in 
plants is toxic. Thus, SO serves as a “safety valve” to detoxify excess amount of 
sulfite and protects the cells from sulfitolysis (Hansch et al., 2007). The HCRSV-
CP expression levels in the 3S plants were lower than the 0S plants at 7, 14 and 
















Figure 5.5 Gene transcripts and HCRSV-CP between 0S- and 3S-
supplemented kenaf (Hibiscus cannabinus L.) plants.  
(A) HCRSV-CP and SO gene transcripts in HCRSV-infected kenaf leaves, with 
or without sulfur supplement, as determined by qRT-PCR. (B) HCRSV coat 
protein was detected using HCRSV-CP antiserum at 7, 14 and 21 dpi in 0S- and 
3S-supplemented kenaf plants. Relative gene expression data were analyzed using 
2-∆∆CT
  
 method. Means of three independent biological repeats are shown by 
standard deviations. Significant differences between mock-inoculated and 
HCRSV-infected leaves were calculated using the t-test (p<0.01). Paired group 
analysis of relative transcript levels of individual HCRSV-CP and SO over time 
showed that there were significantly differences between the 0S- and 3S-
supplemented kenaf plants, using the Tukey-Kramer method (p<0.05).  
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5.3.4 Comparison of symptoms and HCRSV accumulation in infected kenaf 
plants pre-treated with H2
     Since glutathione plays a key role in enhancing plant defence during virus 
infection (
O, BSO or glutathione (GSH) 
Holler et al., 2010; Kiraly et al., 2011), logically direct provision of 
glutathione to plants will increase resistance and by inhibiting glutathione 
synthesis will reduce plant resistance. Three groups of plants, first treated with 
H2
  In addition to the direct symptom comparison after HCRSV infection, 
HCRSV-CP was also compared in its relative amount using western blot analysis. 
Among H
O, BSO or GSH, followed by HCRSV inoculation, were investigated for 
symptom expression and HCRSV accumulation. Time point at 11 dpi was chosen 
as the virus titer reached its highest level. All mock-inoculated plants exhibited no 
chlorotic spots, while severe chlorotic spots were clearly manifested on HCRSV-
inoculated plants (Figure 3.6A). To compare the symptoms of plants receiving the 
three different types of treatments, HCRSV-infected plants treated with 0.1 mM 
BSO displayed highest density of chlorotic spots, followed by plants that were 
treated with water (exhibiting typical symptoms of HCRSV infection). The plants 
treated with 1 mM GSH solution manifested the least severe symptoms, as only a 
few chlorotic spots were observed on the leaves (Figure 5.6A).  
2O-, BSO- and GSH-treated plants, the intensity of the HCRSV-CP 
band (38 kDa) was most prominent in BSO-treated, followed by that of H2O-
treated and GSH-treated plants (Figure 5.6B). The HCRSV-CP gene expression 
was further confirmed using enzyme-linked immunosorbent assay (ELISA). The 
amount of HCRSV-CP present in kenaf leaves treated with 1 mM GSH was 
significantly lower than that of both H2O-treated plants and 0.1 mM BSO-treated 
plants. The BSO-treated kenaf contained highest amount of HCRSV-CP in total 
protein extracts of the leaves, as compared to that of the other two treatment 
groups (Figure 5.6C). The results indicated that glutathione plays a role in the 
HCRSV infection process, as a plant defence enhancer. In short, to demonstrate 
the SED effect upon HCRSV infection, we first broadened the method to include 
different concentrations of sulfur (0S, 1S, 2S and 3S) in order to correlate them to 
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symptom development in HCRSV infected plants, followed by further treating 





Figure 5.6 Comparison of symptom expressions and HCRSV CP 
accumulation in HCRSV-infected kenaf leaves under H2
Plants were treated with H
O, BSO (a GSH 
synthesis inhibitor) and GSH treatments at 11 dpi. 
2O, 0.1 mM BSO or 1 mM GSH solution for 24 h prior 
to inoculation with HCRSV. Mock-inoculated plants were also treated with H2
  
O, 
BSO or GSH. (A) GSH treatment alleviates symptom development in HCRSV-
infected kenaf. Since there was no symptoms appeared on all mock inoculated 
leaves, only one representative leaf from mock plants was shown. (B) Western 
blot. The band intensity was quantified using ImageJ. (C) ELISA. Total protein 
extracts of kenaf leaves were used to detect the expression levels of HCRSV CP. 
One-way ANOVA and paired group analysis (Tukey-Kramer method) of ELISA 
results showed that all groups compared were significantly different from each 





      Our previous research indicated the interaction of HCRSV-CP and SO as well 
as the upregulation of SO occurs, but the mechanism of the interaction was 
unknown (Zhang and Wong, 2009). We reckoned that since SO is involved in the 
sulfur metabolism pathway, we chose two other sulfur pathway related genes SIR 
and APK which are involved in synthesis of the SDCs glucosinalates and 
glutathione, respectively (Figure 5.7), to investigate their gene transcript levels in 
both HCRSV-infected and HCRSV-CP agro-infiltrated kenaf leaves. The results 
showed that SIR, APK and SO were all upregulated. This leads us to investigate if 
HCRSV infection can trigger SED and the interaction of HCRSV-CP and SO is 
involved in the process of SED. 
      With regards to the upregulation of SIR and APK genes, both genes are used 
to synthesize glucosinolates and glutathione, which could enhance plant defence 
(Figure 5.7). In addition, SIR, a chloroplast-localized enzyme, has been shown to 
be rapidly induced in a SO-dependent manner (Brychkova et al., 2007). The 
upregulation of SO is believed to accelerate detoxification of excess sulfite to 
sulfate, balancing their intracellular ratio. Therefore, SO plays a regulatory role in 
the sulfur metabolism pathway. As H2O2 is a by-product arising from the 
catalytic activity of SO, it 
  
has a ROS property which is involved in the signaling 
pathway for plant defence. The upregulation of SO gene transcript level may be 
used by kenaf plants to resist viral infection. Upregulation of three SED-related 
genes resulted in generation of the SDCs, indicating that plant defence is induced 





Figure 5.7 Biosynthesis of sulfur-containing defence compounds. 
(SDCs, boxed) After uptake of sulfate into the plant cells, it is largely transported 
to the shoot. The product, APS (5’-adenylylsulfate), is reduced by APS reductase 
(APR). Alternatively, APS is further activated by APS kinase (APK) to form 3’-
phosphoadenylylsulfate (PAPS), which is required for various sulfatation 
reactions, including the biosynthesis of glucosinolates. Sulfite is reduced by 
sulfite reductase (SIR) to H2S, which is incorporated into o-acetylserine via o-
acetyl(thiol)lyase to form cysteine. Cysteine is incorporated into glutathione 
(GSH) via γ-glutamylcysteine synthetase (GSH1). Note that Hibiscus cannabinus 
sulfite oxidase (SO) catalyzes excess sulfite into sulfate, producing H2O2
  
 which 
enhances plant defence system. HCRSV CP interacts with SO and upregulates SO, 
APK and SIR (Figure modified from Rausch and Wachter, 2005).  
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      To further strengthen the notion that SED was induced upon HCRSV 
infection, additional sulfur was provided to plants. The results showed that 
increasing amount of sulfate correspondingly enhances plant resistance against 
HCRSV. After HCRSV infection, plants supplemented with 3S displayed delayed 
symptom development through upregulation of gene transcripts of APR and GSH1. 
APR is a key regulator of the SED and it is strictly regulated by the availability of 
sulfur. Transcript level of APR is tightly correlated with intracellular cysteine 
level (Leustek et al., 2000). The APR transcript level was significantly increased 
within 24 hpi of HCRSV and this upregulation was most significant for plants 
supplemented with 3S (Figure 5.3B). Transcript level of the GSH1 was also 
upregulated within 24 hpi of HCRSV infection. GSH1 is the rate-limiting enzyme 
involved in the biosynthesis of glutathione which is also dependent on cysteine 
availability. Previous studies reported that both APR and GSH1 were upregulated 
in tobacco plants within the first day of TMV infection under a +S condition 
(Holler et al., 2010), indicating that these two genes were early response genes. In 
this study, APR and GSH1 were also tested according to a time point experiment 
carried out at 3, 6, 12 and 24 h; and we extended the time points to 3, 7, 10, and 
14 dpi, respectively. The results showed a similar upward trend for both of the 
transcript levels (data not shown). Sufficient sulfur is required by kenaf to mount 
a successful defence against HCRSV infection. This is in agreement with a recent 
finding which showed that sufficient sulfate supply enhances plant defense, 
resulting in reduced symptoms and TMV accumulation in  Nicotiana tabacum 
(Kiraly et al., 2011). Furthermore, it is reported that elevated glutathione 
concentrations are strongly correlated with the development of tolerance during 
Zucchini yellow mosaic virus infection using cyto-histochemical method 
(Zechmann and Mueller, 2008). In addition, increased amounts of cysteine and 
glutathione, lower HCRSV-CP gene transcript and protein levels in sulfur 
sufficient 3S plants suggests that sufficient sulfate enhances kenaf plant resistance 
to HCRSV infection. 
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      Another observation is that the plant leaves treated with 0S showed severe 
chlorosis. There is a report on down regulation in the rate of photosynthesis in the 
green algae Chlamydomonas reinhardtii under sulfur-deprived conditions 
(Wykoff et al., 1998). Similar phenomenon may also occur in higher plants such 
as kenaf.  
      A new approach was used to demonstrate if glutathione enhances plant 
resistance (Figure 5.6). GSH treatment alleviates symptom severity in HCRSV-
infected kenaf. It is believed that glutathione is linked to plant defence mechanism 
via upregulating defence-related genes, and also through buffering the cytosol 
against ROS (Foyer and Noctor, 2009). Our investigation shows that by providing 
glutathione to the plants, it has a repressive effect on symptom manifestation. 
Virus titre was also lower in plants treated with GSH. BSO suppresses glutathione 
through inhibition of GSH1 to lower intracellular glutathione contents. BSO-
treated plants showed the most severe symptoms. Glutathione may protect plants 
against oxidative stress and play a key role in plant defense. Thus, glutathione is 
believed to be involved in SED pathway upon HCRSV infection.  
      In conclusion, this study showed that HCRSV-CP can interact with SO to 
trigger upregulation of genes SIR and APK related to SED, increasing the amount 
of glutathione which is a SDC to enhance plant defence. We established that 
HCRSV-CP interacts with SO which in turn triggers SED and lead to enhanced 
plant resistance. This is the first report to demonstrate the interaction of a viral 
protein and host protein to trigger SED in a virus-host system, as well as 
indicating a novel function of SO. It will be interesting to see if such interaction 
applies generally to other host-pathogen interactions that will lead to enhanced 
pathogen defence. 
     SO contributes to sulfate metabolism pathway by causing SED. Current 
literature states that genes involved in the sulfate metabolism pathway, including 
APR and GSH1, were upregulated in HCRSV-infected kenaf supplemented with 
sulfate (Holler et al., 2010; Gao et al., 2012b). These are downstream enzymes 
involved in the sulfate metabolism pathway. Upstream enzymes involved are not 
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well-characterized yet. ATP sulfurylase (ATPS) and sulfate transporter (SULTR) 
are upstream enzymes involved in the sulfate assimilation pathway in plants. 
Currently, miR395 is the only miRNA known to be involved in the sulfate 
metabolism pathway and target ATPS and SULTR. This involvement has already 
been established in Arabidopsis thaliana (Kawashima et al., 2009; Liang et al., 
2010). It will be interesting to investigate the effects of miR395 regulating its two 
targets ATPS and SULTR in kenaf after HCRSV infection. This question will be 




Chapter 6 Upregulation of miR395 targets 
ATP sulfurylase and sulfate transporter 
facilitates sulfur enhanced defence after 
Hibiscus chlorotic ringspot virus infection 
 
 6.1 Introduction 
 
       Hibiscus chlorotic ringspot virus (HCRSV) is a naturally occurring virus 
found worldwide where hibiscus is cultivated (Waterworth et al., 1976; Brunt and 
Spence, 2000; Huang et al., 2000; Li and Chang, 2002; Tang et al., 2008a). It was 
first discovered in a hibiscus cultivar (Hibiscus rosa-sinensis) imported to the 
United States from El Salvador (Waterworth et al., 1976). Notably, HCRSV 
systemically infects Hibiscus cannabinus L. (kenaf) by inducing local lesions 
followed by systemic leaf chlorosis (Brunt and Spence, 2000). Chlorotic ringpots, 
which are observed as white spots surrounded by yellow halos, represent the most 
characteristic symptom of an HCRSV infection on kenaf leaves (Li and Chang, 
2002). HCRSV also results in stunted growth and other symptoms such as mosaic 
and vein-banding patterns  (Waterworth et al., 1976).  
      HCRSV belongs to the genus Carmovirus, family Tombusviridae (Huang et 
al., 2000). The isometric virion has a 30 nm diameter icosahedral capsid (Cheng 
et al., 2009). It has a (+)-sense ss RNA of 3911 nt, containing seven open reading 
frames (ORFs). HCRSV coat protein (HCRSV-CP) interacts with sulfite oxidase 
(SO) (Zhang and Wong, 2009) which in turn, triggers sulfur enhanced defense 
(SED) and leads to enhanced plant resistance (Gao et al., 2012b). The SED effect 
refers to the phenomenon whereby the amount of sulfur-containing compounds 
such as cysteine and glutathione, which play a role in plant defense, is increased 
when plants encounter biotic or abiotic stress (Zechmann and Mueller, 2008; 
Holler et al., 2010; Gao et al., 2012b). ATPS and SULTR are two upstream 
enzymes involved in producing adenosine 5'-phosphosulfate (APS) and 
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transporting sulfate, which are used to produce the final product glutathione in the 
SED pathway (Rausch and Wachter, 2005). The suppression of symptoms 
development and virus contents in Cucurbita pepo was found to be correlated 
with increased glutathione and cysteine contents (Zechmann et al., 2007). 
Glutathione and cysteine contents were also greatly elevated in a resistant 
pumpkin cultivar compared to the susceptible cultivars during virus infection 
(Zechmann and Mueller, 2008). Therefore, glutathione metabolism was strongly 
correlated with the development of the SED effect (Holler et al., 2010).  
      The microRNAs (miRNAs) are small RNAs (~22 nucleotides) which are 
derived from non-protein-coding RNAs and negatively regulate gene expression 
(Bartel, 2004, 2009). Many miRNAs, with their synthesis and regulation affected 
by the signals generated from environmental stress, are well conserved in plants 
(Zhang et al., 2006a). MiRNAs are involved in plant development, signal 
transduction, protein degradation and response to environmental stress and 
pathogen invasion (Kidner and Martienssen, 2005; Jones-Rhoades et al., 2006; Lu 
et al., 2008; Chen, 2012).  
     Our previous results confirmed that the amount of glutathione and SED 
pathway related genes, such as adenosine 5′ -phosphosulfate reductase (APR) and 
γ-glutamylcysteine synthetase (GSH1) which encode downstream enzymes, were 
upregulated in HCRSV-infected kenaf plants (Gao et al., 2012b). The upstream 
enzymes such as ATP sulfurylase (ATPS) and sulfate transporter (SULTR), 
which generate glutathione and transport sulfate, respectively, are involved in the 
SED. Currently, miR395 is the only reported miRNA which is involved in the 
sulfur metabolism pathway and its target genes are ATP and SULTR (Kawashima 
et al., 2009; Liang et al., 2010; Takahashi et al., 2011). This study is aimed to 
investigate if the miR395 targets ATPS and SULTR are up- or down-regulated by 
HCRSV infection.  
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6.2 Materials and methods 
6.2.1 Plant materials and plasmid construction 
      Kenaf seeds (cultivar Everglades 41) were obtained from Mississippi State 
University, U.S.A.) and germinated on potting mixture  (Universalerde Universal 
Potting Soil, The Netherlands) for 7 days. Kenaf seedlings were transferred into 
potting mixture after emergence of true leaves. All plants were grown in a plant 
growth room under 16 h light and 8 h dark at 25°C.  
      The conserved plant miRNA miR395 were cloned into pGEM TA vector 
(Promega, USA) for sequence verification. The SO coding region was sub-cloned 
from pSAT6-cEYPF-C1-HcSO vector (Huang et al., 2000; Zhang and Wong, 
2009) into binary vector of 35SpGreen (Hellens et al., 2000; Huang et al., 2000; 
Yu et al., 2004) to form construct 35SpGreen-HcSO. For HcSO silencing study, 
artificial-miRNA amiRHcSO was engineered into the miR319a precursor 
(plasmid pRS300) by site-directed mutagenesis, following the protocol by 
Rebecca Scheab Max-Plank Institute for Developmental Biology, Tuebingen, 
Germany (2005) (Ossowski Stephan, Fitz Joffrey, Schwab Rebecca, Riester 
Markus and Weigel Detlef, personal 
communication; http://wmd3.weigelworld.org/cgi-bin/webapp.cgi). The artificial 
miRNAs amiRHcSO was also cloned into pGreen vector. Both of the 
overexpression and silencing vectors were transferred into Agrobacterium 
tumefaciens GV3101 and verified by colony PCR. 
6.2.2 Virus inoculation 
      The youngest fully developed leaves from HCRSV-infected kenaf exhibiting 
chlorotic spots (0.1 g) was homogenized in 0.5 ml of virus inoculation buffer 
(0.01 M phosphate buffer, pH 7.0) and used for inoculation. Mock-inoculation 
was carried out by rubbing inoculation buffer alone onto the cotyledons. Fully-
developed young leaves were harvested at 3, 6, 9, 12, 15, 20, 25 and 30 dpi to 
quantify the transcript levels of miRNAs and their respective target genes. This 
experiment was carried out thrice. 
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6.2.3 Cloning of miRNA target genes using degenerate primers 
     The H. cannabinus ATPS and SULTR genes were not available in the GenBank 
database and thus amplified and sequenced in this study. Using the DNAMAN 
v5.0 sequence analysis program, a multiple-sequence alignment (MSA) was 
performed with miR395 target genes. A set of PCR forward and reverse 
degenerate primers were designed based on a conserved region obtained from the 
MSA. The primers were tested via PCR using cDNA obtained from kenaf plants. 
The conserved genes PCR products were cloned into the pGEM TA Vector 
(Promega) and sequenced. Quantitative real time reverse transcription PCR (qRT-





Table 6.1 Primers used in experiments carried out in CHAPTER 6.  





I. amiR-HcSO F GATTTTAATTGACTGCACGTCTTTCTCTCTTTTGTATTCC 









HcAct-qF603  ACGAGCAGGAACTGGAGACT  
HcAct-qR734  TGAGTGATGGCTGGAAGAGGA  
qATPS F187 AAGGAAGAACGGGTAGCGAG 
qATPS R297 AACCTCCAAGTCACCACCAA 
qSULTR F34 GGTCCCACCTCTTATTTATGCG 





6.2.4 RNA extraction and cDNA synthesis 
     Fully-developed youngest leaves with severe HCRSV infection symptoms 
were collected for RNA extraction at previously mentioned time points post-
inoculation with HCRSV. RNA was extracted using TRIzol® reagent (Invitrogen). 
Total RNA (2~3 μg) were used to generate cDNAs through reverse transcription, 
using oligo(dT)15 or specific stem-loop primers (Table 6.1) and SuperScript® 
6.2.5 Agrobacterium tumefaciens-mediated transient expression 
III 
Reverse Transcriptase kit (Invitrogen).  
     Agrobacteria culture grown to OD600nm = 1.0-1.5 was harvested, containing the 
pGreen-HcSO, pGreen-amiHcSO plasmids. The cell pellet was resuspended in 
buffer (pH = 7) containing 10 mM each of MgCl2 
6.2.6 Verification of the expression levels of plant mir395 and its target genes 
using qRT-PCR 
and 2-(N-morpholino) 
ethanesulfonic acid (MES), and 100 µM acetosyringone, infiltration was 
performed after 4 h. Negative controls include infiltration buffer only. All the 
infiltration transient expression experiments were carried out thrice. 
      Expression levels of selected transcripts were analyzed via qRT-PCR after 
cDNA synthesis. The qRT-PCR was set up in a total volume of 5 μl and was 
carried out on the CFX384TM
 
 real-time PCR detection system (Bio-Rad). Actin 
gene was used as internal control. The experiment was carried out thrice. Each 
test consisted of three biological repeats and each sample contained three 
technical repeats.  
6.3 Results 
6.3.1 Characterization of symptoms displayed by HCRSV-infected kenaf 
      Systemic infection by HCRSV occurred in the host plant kenaf. Symptoms of 
HCRSV infection were typically manifested in the true leaves 12-14 days post 
inoculation (dpi). A range of symptoms was usually observed. Leaves from mock-
inoculated kenaf were symptomless (Figure 6.1A, a). Chlorotic ringspots (Figure 
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1A, b), which were consistently observed across all HCRSV-infected kenaf plants, 
represent the most characteristic and common symptom of an HCRSV infection 
in kenaf. Chlorosis (Figure 6.1A, c) and crinkling (Figure 6.1A, d) of the leaves 
were also commonly observed. Occasionally, leaf distortion (Figure 6.1A, e) was 
observed. In some cases, the virus infection could be so severe that necrosis 
(Figure 6.1A, f) occurred in the leaves. In addition, HCRSV-infected kenaf 





Figure 6.1 Symptoms on HCRSV-infected kenaf leaves and agro-infiltrated 
leaves. 
(A) Symptoms on HCRSV-infected kenaf leaves at 14 dpi. No visible viral 
symptoms were observed on mock-inoculated leaf (a), HCRSV-infected leaf 
displayed characteristic chlorotic ringspots (b), chlorosis (c), crinkling and mosaic 
patterns (d), leaf distortion (e) and necrosis (f) on their leaves.  
(B) Symptoms of healthy kenaf leaves infiltrated with infiltration buffer (g, j), 
or agroinfiltrated with SO (h, k) or anti-SO (i, l). Morphological changes of the 
leaves were shown at 3 days post agroinfiltration (g-i) and 8 days post 




6.3.2 Gene transcript of HCRSV-CP and SO within 30 days of HCRSV 
infection 
     For investigating the effects of HCRSV infection, the gene transcript of 
HCRSV-CP was first investigated within 30 days after HCRSV infection to verify 
the success of HCRSV infection. The results showed that the gene transcript of 
HCRSV-CP was increased after HCRSV infection and reached its highest 
expression level at 15 dpi (Figure 6.2A). A decreasing trend was also observed 
starting from 20 dpi to 30 dpi (Figure 6.2A).  Different from HCRSV-CP, the gene 
transcript of SO gene was fluctuated differently. It reached the highest expression 
level at 3 dpi and fluctuated during the following days of HCRSV infection 





Figure 6.2 Gene transcripts of HCRSV-CP and SO in kenaf (Hibiscus 
cannabinus L.) leaves of HCRSV infection over 30 days.  
Relative HCRSV-CP (A) and SO (B) gene transcript levels were analyzed using 
the 2-∆CT and 2-∆∆CT
  
 methods, respectively. Actin was used as internal control. 
The values of SO were calculated by subtracting the values from mock controls 
which were all set to 1 for standardization. Means of three independent biological 
repeats were shown with standard deviations. The relative expression levels of SO 
in two types of treatments (mock and HCRSV-infection) were compared. 
Significant differences among mock-inoculated and HCRSV-infected leaves were 
calculated using the one sample Student’s t-test analysis. Asterisks (∗ and ∗∗) 
indicate significance at 0.05 and 0.01 levels of confidence, respectively.  
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6.3.3 Effects of HCRSV infection on the expression levels of miR395 and its 
two target genes  
     Since ATPS and SULTR are two upstream enzymes involved in producing 
APS and transporting sulfate, they are used to produce the final product 
glutathione in the SED pathway, thus miR395 and its target genes ATPS and 
SULTR were also investigated within 30 days of HCRSV infection. There were 
detectable changes in the expression levels of miR395 and its target genes ATPS 
and SULTR after HCRSV infection in kenaf (Figure 6.3). This verifies the 
presence of miR395 and its target genes ATPS and SULTR in HCRSV-infected 
kenaf, as there was a response from them after viral infection. In mock-inoculated 
kenaf, these changes were not detectable. After an HCRSV infection, the SED 
effect was triggered in kenaf to aid in the defense of the host against HCRSV 
attack. The miR395 and its target genes ATPS and SULTR will come into play 
after HCRSV infection, explaining fluctuations in their expression levels. When 
there is no HCRSV infection, healthy kenaf plants do not trigger the SED effect.  
      Although miR395 negatively regulates the expression of SULTR and ATPS, a 
negative correlation between miR395 and SULTR or ATPS is not observed at 
every single time interval, as the regulation of target genes by miRNAs is a 
dynamic process. A consistently stronger negative correlation was observed 
between miR395 and SULTR rather than with ATPS across a period of 30 days 
(Figure 6.3). SULTR appears to be regulated more effectively by miR395 after 





Figure 6.3 Gene transcripts of miR395, ATPS and SULTR in kenaf  
(Hibiscus cannabinus L.) leaves after HCRSV infection over 30 day. 
Relative miR395, ATPS and SULTR gene transcript levels (actin as internal 
control) were analyzed using the 2-∆∆CT method. The values of the tested genes 
were calculated by subtracting the values from mock controls which were all set 
to 1 for standardization. Means of three independent biological repeats were 
shown with standard deviations.  
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6.3.4 Agroinfiltration can induce phenotypic changes in healthy kenaf leaves 
      Since HCRSV-CP directly interacts with one of sulfur metabolism factor SO 
and upregulates its expression (Zhang and Wong, 2009), the effect of transient 
overexpressing or silencing SO was further investigated in the kenaf leaves. To 
achieve this purpose, Agroinfiltration experiments were carried out with pGreen-
SO or pGreen-amiRSO which can overexpress or silence SO. Agroinfiltration 
with Agrobacteria containing SO or anti-SO induced phenotypic changes in 
healthy kenaf leaves for 3 (Figure 6.1B, g-i) and 8 days (Figure 6.1B, j-l), 
respectively. Infiltration with infiltration buffer (without Agrobacterium) alone 
did not induce any morphological changes on kenaf leaves (Figure 6.1B, g and j). 
The leaves turned chlorosis at the portions which were agroinfiltrated with SO 
(Figure 1B, h and k) or anti-SO (Figure 6.1B, i and l).  
6.3.5 The miR395 and its target genes ATPS and SULTR were upregulated 
or downregulated when SO was overexpressed or downregulated in kenaf 
leaves 
      The overexpression and silence efficiency was verified in the SO 
overexpressed or silenced leaves using qRT-PCR. The results showed that SO 
was successfully upregulated or downregulated when SO was overexpressed or 
silenced in healthy kenaf leaf (Figure 6.4A). This means that transient gene 
expression of SO or anti-SO induced by agroinfiltration occurred in kenaf leaves. 
Therefore, analyses could be performed on miR395 and its target genes ATPS and 
SULTR. Results showed that overexpression of SO resulted in an upregulation of 
both miR395 and its target genes ATPS and SULTR, while the silencing of SO 
resulted in their downregulation (Figure 6.4B, C). Although miR395 was 
upregulated by SO, it did not lead to a corresponding downregulation in its target 
genes ATPS and SULTR. However, this does not mean that miR395 is not 
functioning in its role in negative regulation of its target genes. This means that 
the significant upregulation of ATPS (60 folds) and SULTR (10 folds) with SO 
overexpression. The upregulation of ATPS and SULTR by SO was so strong that it 
negates the downregulation effect of miR395. Since ATPS is less tightly regulated 
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by miR395 after HCRSV infection (Figure 6.3), it was able to accumulate to a 
higher level than SULTR when SO was overexpressed (Figure 6.4C). This also 
explained that ATPS was not affected when miR395 was silenced under SO 
silencing condition (Figure 6.4C). When SULTR and ATPS are upregulated, there 
will be an increase in the transport of sulfate from peroxisomes to chloroplasts 
and subsequently increase in the activity of the SED pathway which strengthens 





Figure 6.4 Upregulation or downregulation of miR395 and its target genes 
ATP sulfurylase and sulfate transporter expression levels upon SO 
overexpression or silencing.  
(A) Relative SO gene transcript level was used to verify the SO gene 
overexpression and silencing efficiency. (B) The relative expression levels of 
miR395 and (C) its target genes ATP sulfurylase (ATPS) and sulfate transporter 
(SULTR) in three separate treatments (mock, SO-overexpressed and SO-silenced) 
were shown. The relative gene expressions were analyzed using the 2-∆∆CT
  
 
method (actin as internal control). Means of three independent biological repeats 
were shown with standard deviations. Significant differences between mock and 
Agroinfiltrated leaves were calculated using the one sample Students’ t-test. 






      We have reported that HCRSV-CP interacts with SO, which in turn triggers 
the SED effect to increase plant defense against HCRSV infection (Zhang and 
Wong, 2009; Gao et al., 2012b). In addition, SO gene transcripts were 
upregulated approximately five folds in HCRSV-infected kenaf leaves as 
compared to mock-inoculated kenaf leaves (Zhang and Wong, 2009). In this study, 
this phenomenon is further established using Agroinfiltration-mediated 
overexpression or silence SO gene. The results showed that the SO gene 
transcripts could be upregulated 13.5 times after SO overexpression. Therefore, in 
healthy kenaf, there is no intervention by HCRSV-CP to restrict the upregulation 
of SO, such that SO can accumulate to levels significantly higher than that in 
HCRSV-infected kenaf. The SED effect confers stronger resistance and defense 
to kenaf, thus it makes sense that a healthy kenaf will not counteract this 
beneficial mechanism induced by an upregulation in SO. This further confirms 
that SO is a crucial component of the SED effect. Accordingly, we believe any 
plant pathogens, not only HCRSV, which possess the mechanism to upregulate 
SO, will be able to enhance the SED effect in plants to increase resistance against 
pathogen attack.   
      The upregulation of SO in the peroxisomes does not only directly cause an 
increase in sulfate level, ATPS and SULTR were also upregulated under SO 
overexpression (Figure 4C). SO oxidizes sulfite to sulfate. Therefore, sulfite 
detoxification and sulfate assimilation are two counteracting pathways. This 
seems paradoxical, since an upregulation of SO should result in decrease of the 
SED effect. However, this problem is solved as the nature separates the two 
counteracting pathways into two different organelles (Figure 6.5). To prevent a 
chloroplast localized SO from counteracting sulfate assimilation occurring in the 
same organelle, SO is localized in the peroxisomes. Although a low amount of SO 
can be present in other organelles or the cytosol (Nowak et al., 2004), the bulk of 
it resides in the peroxisomes. Furthermore, SO is absent in the chloroplasts  
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(Hansch and Mendel, 2005). Therefore, this allows sulfite detoxification and 
sulfate assimilation to be co-regulated, suggesting the vital role of SO 
contributing to SED pathway. Although the infection study of SO-overexpressed 
kenaf plants will be excellent materials to study the SED effect, we were unable 
to generate transgenic progeny plants because kenaf plants grown under our 
laboratory conditions did not produce flowers. 
      On the host front, after virus infection, host plant will stimulate signaling 
pathways such as the SED to enhance plant defence. If no extra sulfate is 
provided, plant cells will transfer sulfate from other organelles to support the 
consumption of sulfate in the SED pathway in the chloroplasts (Figure 6.5). In the 
peroxisomes, upregulated SO oxidizes more sulfite to sulfate, which is transported 
from peroxisomes to chloroplasts by SULTR. Following enhanced ATPS, more 
sulfates are converted to APS, which was used to produce glutathione for SED 
effect. These results contribute to the understanding of SED effect in the HCRSV-
infected kenaf plants (Cheng et al., 2009). On the virus front, in order to benefit 
from plant host, HCRSV endeavors to balance the equilibrium of host and virus 









Figure 6.5 Roles of SO, ATPS and SULTR in the sulfur enhanced defence 
pathway. 
 
SO oxidizes sulfite to sulfate in the peroxisomes. SULTR transfers sulfate to 
chloroplasts where the sulfate is converted to APS to form glutathione for sulfur 




       In conclusion, this study established that upregulation of ATPS and SULTR, 
which are targeted by miR395, contributes to a better understanding of the roles 
of the SED pathway played in virus infection.  
       In addition to the upregulation of miR395, similarly, the expression levels of 
four other selected plant conserved miRNAs (miR171, miR168, miR167 and 
miR165) were also upregulated, which displayed higher expression levels 
compared with mi395. The upregulation of four selected miRNAs also caused the 
corresponding fluctutaitons of their respective target genes scarecrow-like protein 
1 (SCL1), argonaute 1 (AGO1), auxin response factor 8 (ARF8) and phabulosa 
(PHB). These results were further verified by the effect of SO silencing study. 
The detailed information of the effect of SO overexpression and silencing study 
and the correlation of miRNAs fluctuation with HCRSV infection will be further 




Chapter 7 Correlation of miRNA fluctuation 
to plant growth retardation after Hibiscus 
chlorotic ringspot virus infection 
7.1 Introduction 
 
     The microRNAs (miRNAs) are small RNAs (~22 nucleotides) which are 
derived from non-protein-coding RNAs and negatively regulate gene expression 
(Bartel, 2004, 2009). Many miRNAs, with their synthesis and regulation affected 
by the signals generated from environmental stress, are well conserved in plants 
(Zhang et al., 2006a). MiRNAs are involved in plant development, signal 
transduction, protein degradation and response to environmental stress and 
pathogen invasion (Kidner and Martienssen, 2005; Jones-Rhoades et al., 2006; Lu 
et al., 2008; Chen, 2012). The targets of most plant miRNAs are transcription 
factors which play an important role in plant defense responses (Navarro et al., 
2006; Mlotshwa et al., 2008). It is well studied that the targets of miR165, 
miR167, miR168 and miR171 are phabulosa (PHB), auxin response factor 8 
(ARF8), argonaute 1 (AGO1) and scarecrow-like protein 1 (SCL1) respectively, 
playing essential role in regulating plant development (Huang et al., 2000; Llave 
et al., 2002; Zhang et al., 2008; Feng et al., 2009; Jay et al., 2011). Furthermore, 
miRNAs are known to play essential roles in modulating plant viral diseases 
(Dunoyer et al., 2004; Simon-Mateo and Garcia, 2006). After virus infection, 
plant conserved miR165, miR167, miR168 and miR171 showed different 
expression levels at different stages (Feng et al., 2009). Thus, miR165, miR167, 
miR168 and miR171 were selected for investigation in this study.  
     Hibiscus chlorotic ringspot virus (HCRSV) belongs to the genus Carmovirus 
(Huang et al., 2000). It has a (+)-sense ss RNA of 3911 nt, containing seven open 
reading frames (ORFs). As a gene silencing suppressor, HCRSV coat protein 
(HCRSV-CP) is believed to interfere with post transcriptional gene silencing 
(PTGS) and ta-siRNA biogenesis at the RNA recognition step downstream of 
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RNA dependent RNA polymerase 6 (RDR6), which is common to the ta-siRNA 
pathway and amplicon-induced silencing pathway (Meng et al., 2008).  
     With the importance of RNA silencing-mediated antiviral defence to 
development of viral infection, viral suppressors may be targets of alternative 
plant defence mechanisms (Pallas and Garcia, 2011). The HCRSV-CP 
Arabidopsis transgenic line increases accumulation of miR171 and miR172 and 
shows several developmental abnormalities, including incompatible carpel, 
stamen elongation, and failure of fertilization due to non-proportional elongation 
of the carpel and stamen (Meng et al., 2008). Similarly, several other virus-
encoded gene-silencing suppressors have also been reported to cause 
developmental defects when expressed constitutively in Arabidopsis as transgenes 
(Chapman et al., 2004; Chen et al., 2004; Dunoyer et al., 2004). In addition, other 
gene silencing suppressors, such as gene VI from Cauliflower mosaic virus 
(CaMV) (Kiraly et al., 1999), 2b protein of Tomato aspermy virus (TAV) (Li et 
al., 1999) and p19 protein of Tomato bushy stunt virus (TBSV) (Chu et al., 2000), 
can induce local or systemic necrotic responses. TMV infection of HCPro-
expression plants carrying the N resistance gene results in fewer and smaller 
lesions (Pruss et al., 2004). CMV 2b and a host catalase is involved in the 
induction of a necrotic symptom in Arabidopsis (Inaba et al., 2011). The 
molecular basis of gene-silencing-related abnormal development is mediated by a 
group of small RNAs, including miRNAs and siRNAs (Bartel, 2004; Baulcombe, 
2004; Jones-Rhoades et al., 2006; Bazzini et al., 2007). Small RNA pathway 
components, including Dicer-like proteins (DCLs), double-stranded binding 
protein, RDRs, small RNA methyltransferase, RNA methylase HUA 
ENHANCER 1 (HEN1), and AGO proteins, that contribute to plant defence 
responses (Katiyar-Agarwal and Jin, 2010). 
     Downregulation of some host genes have been speculated to eliciting disease 
symptoms (Moissiard and Voinnet, 2006). Indeed, disease symptoms caused by 
CMV satellite RNA are the consequence of siRNA-directed RNA silencing of 
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chlorophyll gene CHLI (Shimura et al., 2011; Smith et al., 2011). Furthermore, 
three different viral silencing suppressors HcPro, P19 and P15 cause 
developmental abnormalities through misregulation of the miR167 targeting ARF 
(Jay et al., 2011).  
      Although disease symptoms can be caused by viral silencing suppressors 
which interfere with RNA silencing process, it is only speculated that some host 
defence components may be affected after virus infection by suppression of host 
miRNAs (Pallas and Garcia, 2011). In this study, we investigated the fluctuations 
of four common miRNAs and correlated them to plant growth retardation. 
    
7.2 Materials and methods 
7.2.1 Plant materials and plasmid construction  
      Kenaf seeds (cultivar Everglades 41) were obtained from Mississippi State 
University, U.S.A.) and germinated on potting mixture  (Universalerde Universal 
Potting Soil, The Netherlands) for 7 days. Kenaf seedlings were transferred into 
potting mixture after emergence of true leaves. All plants were grown in a plant 
growth room under 16 h light and 8 h dark at 25°C.  
     The conserved plant miRNAs were cloned into pGEM TA vector (Promega, 
USA) for sequence verification. The sulfite oxidase (SO) coding region was 
subcloned from pSAT6-cEYPF-C1-HcSO vector into binary vector of 35SpGreen 
(Hellens et al., 2000; Yu et al., 2004) to form construct 35SpGreen-HcSO. For 
HcSO silencing study, artificial-miRNA amiRHcSO was engineered into the 
miR319a precursor (plasmid pRS300) by site-directed mutagenesis, following the 
protocol by Rebecca Scheab Max-Plank Institute for Developmental Biology, 
Tuebingen, Germany (2005) (http://wmd.weigelworld.org/cgi-bin/mirnatools.pl. 
Ossowski Stephan, Fitz Joffrey, Schwab Rebecca, Riester Markus and Weigel 
Detlef, personal communication). The artificial miRNAs amiRHcSO was also 
cloned into pGreen vector. Both of the overexpression and silencing vectors were 
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transferred into Agrobacterium tumefaciens GV3101 using electroporation and 
the transformed colonies were verified by colony PCR. 
7.2.2 Staining of transverse and radial sections from mock and HCRSV-
infected plants      
      Young stalks were quick-frozen with liquid nitrogen. The frozen stalks of 
mock and HCRSV-infected kenaf plants were cut into 50-60 µm thin sections 
using Leica Cryostat Model 1850. The slices were transferred to glass slides and a 
drop of 0.05% aqueous toluidine blue O was placed on the specimen and stained 
for 2-4 min, following by washing with 30% glycerol. After drying on the slides, 
the stained sections were observed using a light microscope (Olympus Model 
DP72).  
7.2.3 Virus inoculation 
     The youngest fully developed leaves from HCRSV-infected kenaf exhibiting 
chlorotic spots (0.1 g) was homogenized in 0.5 ml of virus inoculation buffer 
(0.01 M phosphate buffer, pH 7.0) and used for inoculation. Mock-inoculation 
was carried out by rubbing inoculation buffer alone onto the cotyledons. Fully-
developed young leaves were harvested at 3, 6, 9, 12, 15, 20, 25 and 30 days of 
post inoculation (dpi) to quantify the transcript levels of miRNAs and their 
respective target genes. This experiment was carried out thrice. 
7.2.4 RNA extraction and cDNA synthesis 
     Fully-developed youngest leaves with severe HCRSV infection symptoms 
were collected for RNA extraction at previously mentioned time points post-
inoculation with HCRSV. RNA was extracted using TRIzol® reagent (Invitrogen). 
Total RNA (2~3 μg) were used to generate cDNAs through reverse transcription, 
using oligo(dT)15 Feng et al., 2009 or specific stem-loop primers (Table 7.1) ( ) 
and SuperScript® 
  
III Reverse Transcriptase kit (Invitrogen).  
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Table 7.1 Primers used in experiments carried out in CHAPTER 7. 













I. amiR-HcSO F GATTTTAATTGACTGCACGTCTTTCTCTCTTTTGTATTCC 
II. amiR-HcSO R GAAAGACGTGCAGTCAATTAAAATCAAAGAGAATCAATGA 
III. amiR-HcSO* F GAAAAACGTGCAGTCTATTAAATTCACAGGTCGTGATATG 











HcAct-qF603  ACGAGCAGGAACTGGAGACT  








7.2.5 Verification of the expression levels of four conserved plant miRNAs 
and their respective target genes using qRT-PCR 
      Expression levels of selected transcripts were analyzed via quantitative real 
time reverse-transcription PCR (qRT-PCR) after cDNA synthesis. The qRT-PCR 
was set up in a total volume of 5 μl, and was carried out on the CFX384TM
Varkonyi-Gasic et al., 2007
 real-
time PCR detection system (Bio-Rad). Actin gene was used as internal control. 
Particularly, expression levels of the miRNAs were detected following previously 
described protocols ( ; Feng et al., 2009). The 
experiment was carried out thrice. Each test consisted of three biological repeats 
and each sample contained three technical repeats.  
7.2.6 Agrobacterium tumefaciens-mediated transient expression 
      Agrobacteria culture grown to OD600nm = 1.0-1.5 was harvested, containing 
the pGreen-HcSO, pGreen-amiHcSO plasmids. The cell pellet was resuspended in 
buffer (pH = 7) containing 10 mM each of MgCl2 
     Agrobacteria liquid culture containing each of the pGreen-HcSO, pGreen-
amiHcSO plasmids and 35SpGreen (negative control) plasmids, was grown to 
OD
and 2-(N-morpholino) 
ethanesulfonic acid (MES), and 100 µM acetosyringone, infiltration was 
performed after 4 h. Negative controls include original plasmid 35S pGreen. All 
the infiltration transient expression experiments were carried out thrice. 
 reading (at 600 nm) between 1.0-1.5 and harvested. The cell pellet was 
resuspended in infiltration buffer (pH 7) containing 10 mM each of MgCl2 
Zhou et al., 2006
and 2-
(N-morpholino) ethanesulfonic acid (MES), and 100 µM acetosyringone and 
infiltrated into kenaf leaves using a syringe without needle ( ). 
The experiment was carried out thrice. 
7.2.7 Cloning of miRNA target genes using degenerate primers 
      The H. cannabinus PHB, ARF8, AGO1 and SCL1 genes were not present in 
the GenBank database and thus amplified and sequenced in this study. Using the 
DNAMAN v5.0 sequence analysis program, a multiple-sequence alignment 
(MSA) was performed with four different miRNA target genes. A set of PCR 
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forward and reverse degenerate primers were designed based on a conserved 
region obtained from the MSA. The primers were tested via PCR using cDNA 
obtained from kenaf plants. The conserved genes PCR products were cloned into 
the pGEM TA Vector (Promega) and sequenced. qRT-PCR primers (Table 7.1) 
were designed accordingly using the obtained gene sequences.  
7.2.8 RACE PCR to amplify the complete sequence of AGO1 from kenaf 
       Based on the conserved region of AGO1 gene, RACE kit GeneRacerTM
7.2.9 Expression and purification of HCRSV-CP for in vitro binding assay   
 kit 
(Invitrogen) was used to amplify the respective 5’- and 3’-sequences. Nested PCR 
was performed to amplify the specific PCR product. The obtained 5’- and 3’-PCR 
products were cloned into pGEM TA Vector (Promega) and sequenced. The 
sequences were blasted with PUBMED and once they were confirmed, one pair of 
primers complementary to the 5’- and 3’-termini were designed and used to 
amplify the complete ORF of the AGO1. All primers used were listed in Table 7.1. 
      The construct pGEX 4T-1-CP was transformed into Escherichia coli strain 
BL21 (DE3). To express recombinant proteins, bacteria were grown to an OD600 
~0.6 and then induced overnight at 20°C using 0.5 mM isopropyl β-d-
thiogalactoside (IPTG). Pelleted cells were resuspended in 1 × PBS [140 mM 
NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.3, 1 mM MgCl2, 
2 mM phenylmethylsulfonyl fluoride, and 1 × complete EDTA-free protease 
inhibitor (Sigma, St. Louis)], and lysed by a sonicator.  Glutathione S-transferase 
(GST) and GST fusion proteins were purified following standard protocols (GE 
Healthcare). The eluted GST-CP protein was mixed with 40 µl glutathione-
Sepharose 4B beads in 1 × PBS to a final volume of 500 µl. Using linearized 
pGEM-AGO1 as template, AGO1 gene was in vitro transcribed using high yield 
capped RNA Transcription kit (Ambion). The transcribed RNA was used as 
template to translate biotinylated AGO1 protein using wheat germ extract 
translation system (Promega). In addition to AGO1 and GST-CP, the mixture of 
the AGO1 and GST or GST-CP and in vitro translated product from pGEM TA 
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vector, were included as negative controls. All the mixtures with glutathione 
sepharose 4B beads added were incubated at 4°C with gentle agitation for 1 h, 
followed by washing 3 times with 500 µl 1×PBS. The bound proteins were eluted 
using 80 µl glutathione elution buffer twice.  
      For western blot, eluted proteins were separated by denaturing 10% SDS-
PAGE gels and blotted onto PVDF or nitrocellulose membranes membrane (Bio-
Rad). Blotted proteins were probed with anti-biotinylated Streptavidin HRP 
(Promega, L205A) or anti-HCRSV antibody. Finally, proteins transferred to the 
membrane were visualized using SuperSignal West Pico (Thermo prod #34077) 
on Kodak X-ray film with non-radioactive detection system (Promega) or 
nitroblue tetrazolium/5-bromo-4-chloroindol-3-yl phosphate staining (Fermentas).  
7.2.10 Interaction of HCRSV-CP and HcSO using bimolecular fluorescence 
complementation (BiFC) 
       Kenaf protoplasts were isolated following previous published protocol (Liang 
et al., 2002a). Paired plasmids pSAT1-nEYFP-C1-CP+pSAT1-cEYFP-C1(B)-
AGO1, pSAT1-nEYFP-C1+pSAT1-cEYFP-C1(B)-AGO1, pSAT1-nEYFP-C1-
CP+pSAT1-cEYFP-C1(B) and pSAT1-nEYFP-C1+pSAT1-cEYFP-C1(B) were 
transfected into kenaf protoplasts separately to study the interaction of AGO1 and 
HCRSV-CP in vivo. The kenaf protoplasts were transfected with the constructs 
listed above by the polyethylene glycol method (Liang et al., 2002a; Zhang and 
Wong, 2011). The protoplasts were observed and images were obtained using a 
confocal laser scanning microscope (Carl Zeiss LSM510 META confocal, 
Germany). Yellow fluorescence was excited at 514 nm and detected by using a 
BP 530-600 filter, 48 h after transfection.  
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7.3 Results  
7.3.1 Morphology of HCRSV-infected kenaf plants 
     Morphology is usually altered after pathogen infection. In this study, the 
morphological changes of HCRSV-infected plants were compared with mock 
plants. Our results showed that the height, leaf size and root growth were 
significantly reduced (Figure 7.1A-D). In particular, development of the main and 
adventitious roots of kenaf was stunted and less dense, as compared to the mock 
plant (Figure 7.1D). The vegetative growth of HCRSV-infected plants was 






Figure 7.1 Morphological changes in HCRSV-infected kenaf plants at 15 dpi.  
Growth retardation was observed in the HCRSV-infected plants (plant on the 
right side of each panel; mock plant was displayed on the left). (A) Side view 
showing plant height. (B) Top view showing plant canopy. (C) Leaf size and (D) 
Main and adventitious roots. Note the severe reduction in length and branch of 




7.3.2 Disruption of vascular bundle formation in HCRSV-infected kenaf 
stalk 
     In addition to morphology comparison analysis, transverse and radial sections 
were analysed using kenaf stalks. Overall the structure of HCRSV-infected stalks 
and the epidermal cells of HCRSV-infected plants were disorganized (Figure 7.2). 
The vascular bundles including the fiber and the cortex development were 
severely disrupted (Figure 7.2A) and reduced in numbers (Figure 7.2B). The 
vessels appeared to be collapsed (Figure 7.2B). The brown color stained spaces 
observed in the pith region were illumination artifacts resulted from damaged 
tissue sections (Figure 7.2). As a non-wood fibrous crop, the reduction in fiber 








Figure 7.2 Transverse and radial stalk sections of kenaf plants after HCRSV 
infection. 
(A) Transverse section of mock and HCRSV-infected kenaf stalks. The pith is 
located in the middle of the transverse section, constituted by the vascular bundles. 
(B) Partial radial sections of mock and HCRSV-infected kenaf stalks. Vessels are 
the main components of vascular bundles. E, epidermis; VB, vascular bundle; C, 




7.3.3 Expression level of four selected plant conserved developmental 
miRNAs and their target genes fluctuated in kenaf after HCRSV infection        
       Since the plant development was regulated by developmental genes during 
plant growth. Target genes PHB, ARF8 and SCL1 of miR165, miR167 and 
miR171 are the key factors for regulating plant leaf, stem and root development. 
The expression level of these miRNAs and their respective target genes were 
further investigated in the HCRSV-infected plants within 30 days. Firstly, the 
gene transcript of HCRSV-CP was investigated to verify the success of HCRSV 
infection. The results showed that the gene transcript of HCRSV-CP was 
increased after HCRSV infection and reached its highest expression level at 15 
dpi and a decreasing trend was observed starting from 20 dpi to 30 dpi (Figure 
7.3A). Different from HCRSV-CP, the expression of the four miRNAs and their 
target genes showed two types of expression. Compared with mock kenaf plants, 
miR171 and miR168 and their targets SCL1 and AGO1 showed the greater 
fluctuations after HCRSV infection. The transcript levels of these two miRNAs 
reached the highest peak at 9 dpi, and another peak at 20 dpi. (Figure 7.3B, upper 
graph). In contrast, their respective target genes AGO1 and SCL1 showed opposite 
expression levels, which reached a peak at 6 dpi and highest peak at 15 dpi, SCL1 
showed the greatest fluctuation among them and followed by AGO1 (Figure 3B, 
lower graph). However, even miR167 and miR165 showed a higher peak at 9 dpi, 
the expression of their target genes were not affected significantly. These results 
validated that two of the four plant conserved miRNAs targeted the same genes 
effectively, as reported in other plant species (Llave et al., 2002; Zhang et al., 
2008; Feng et al., 2009; Jay et al., 2011). Since plant developmental related genes 
fluctuated in the HCRSV-infected plants, it is deduced that plant growth and 







Figure 7.3 Expression of HCRSV-CP, miR165, miR167, miR168, miR171 and 
their respective target genes after HCRSV infection as determined by qRT-
PCR. 
The expression levels of (A) HCRSV-CP, (B) miRNAs and their respective target 
genes were shown at 3, 6, 9, 12, 15, 20, 25 and 30 dpi. Relative gene transcript 
levels (actin as internal control) were analyzed using the (A) 2-∆CT and (B) 2-∆∆CT
  
 
methods respectively. The target genes for miR165, miR167, miR168 and 
miR171 are phabulosa (PHB), auxin response factor 8 (ARF8), argonaute 1 
(AGO1) and scarecrow-like 1 protein (SCL1), respectively. The values of 
miRNAs and their respect target genes in HCRSV-infected plants were calculated 
by subtracting the values from mock controls which were all set to 1 for 
standardization. Means of three independent biological repeats were shown with 
standard deviations.  
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7.3.4 Upregulation of the transcript level of AGO1 after SO overexpression 
     As HCRSV upregulates plant SO transcript and increases sulfate levels in 
kenaf (Zhang and Wong, 2009)  and upregulated AGO1 in HCRSV-infected 
plants (Figure 7.3B), the expression level of AGO1 transcript was further 
investigated after SO overexpression. The efficiency of SO overpression and 
silence was firstly verified in the SO transient expression leaves (Figure 7.4A). 
Interestingly, the transcript level of AGO1 gene was also upregulated or 
downregulated (Figure 7.4B) after SO was transiently over-expressed or silenced 
in kenaf plants. AGO1 was known to be involved in the feedback regulation of 
miRNAs (Vaucheret et al., 2006; Khraiwesh et al., 2012). Furthermore, since 
AGO1 is the key component of RNA induced silencing complex (RISC), it plays 
essential roles in the small RNA induced silencing pathway. Furthermore, 
Cucumber mosaic virus (CMV) encoded 2b suppressor inhibits Arabidopsis 
AGO1 cleavage activity to counter plant defense (Glick et al., 2008). Further 
study also showed that distinct domains of CMV 2b suppress AGO1-meidated 
slicing, transgene-induced RNA silencing, and DNA methylation (Duan et al., 





Figure 7.4 Upregulation of AGO1 after SO overexpression.  
(A) Relative SO gene transcript levels were used to test the SO gene 
overexpression and silencing efficiency. (B) Upregulation or silencing of AGO1 
gene transcript after SO overexpression or silencing. Actin gene was used as 




 method. Significant differences among silenced-SO, mock-infiltration and 
overexpressed-SO were calculated using the one sample Student’s t-test analysis. 




      As a gene silencing suppressor, HCRSV-CP is able to suppress the transiently 
expressed sense-RNA-induced posttranscriptional gene silencing (PTGS) in 
Nicotiana benthamiana (Meng et al., 2008). Furthermore, HCRSV-CP interferes 
with PTGS and ta-siRNA biogenesis at the RNA recognition step downstream of 
RNA-dependent RNA polymerase 6 (RDR6). In addition, HCRSV-CP increases 
the accumulation of miR171 and miR172 in transgenic Arabidopsis plants (Meng 
et al., 2008). Regarding developmental effect of Hibiscus plants after HCRSV 
infection, the HCRSV-infected plants mainly displayed stunting, root growth 
retardation and disruption in vascular bundle development (Figs. 7.1 & 2). Similar 
phenotype observed in HCRSV-CP transgenic Arabidopsis and HCRSV-infected 
plants suggest that development defects of HCRSV-infected plants are partly 
contributed by HCRSV-CP.           
     AGO1 is a partner of RDR6 involved in the small RNA pathway. Another 
gene silencing suppressor V2 protein of Tomato yellow leaf curl virus interacts 
with host factor suppressor of gene silencing 3 Glick 
et al., 2008
to suppress RNA silencing (
). We hypothesized that there may be interaction between HCRSV-CP 
and AGO1. To test this hypothesis, a full length AGO1 gene was cloned from 
kenaf using the RACE-PCR. The result validated that the full length of AGO1 
gene from kenaf is 3315 bp and its predicted protein is 121.9 kDa, containing 
1104 aa (GenBank accession KF147914).  
7.3.5 Interaction of HCRSV-CP and AGO1 using BiFC and in vitro binding 
assay    
     For investigating the interaction of HCRSV-CP and AGO1, BiFC method was 
used. The result showed that yellow fluorescence was observed in kenaf 
protoplasts transfected with pSAT1-nEYFP-C1-CP and pSAT1-cEYFP-C1 (B)-
AGO1, under a confocal microscope (Figure 5A upper panels). No fluorescence 
was observed in the negative control of kenaf protoplasts that were cotransfected 
with pSAT1-nEYFP-C1 and pSAT1-cEYFP-C1(B), pSAT1-nEYFP-C1 and 
pSAT1-cEYFP-C1(B)-AGO1, pSAT1-nEYFP-C1-CP and pSAT1-cEYFP-C1(B), 
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pSAT1-nEYFP-C1-CP and pSAT1-cEYFP-C1(B)-AGO1, pSAT1-nEYFP-C1-CP 
and pSAT1-cEYFP-C1(B). A representative image was shown (Figure 7.5A 
lower panels). This provides evidence that the interaction of HCRSV-CP and 
AGO1 may be involved in the small RNA pathway. 
      To further confirm the interaction of HCRSV-CP and AGO1, in vitro binding 
assay was used. HCRSV-CP fused with GST in E. coli BL21 was successfully 
expressed in solubility form. HCRSV CP-GST was purified with glutathione 4B 
beads following standard protocols (GE healthcare). Coomassie blue stained 10% 
SDS-PAGE gel was used to verify the successful expression of GST-HCRSV-CP 
(Figure 7.5B, left panel). The purified GST-HCRSV-CP fusion protein band (61 
kDa) was observed and confirmed by Western blot (Figure 7.5B, right panel).  
     The purified GST-HCRSV CP and in vitro translation product of AGO1 
labeled with biotinylated lysine were used for in vitro binding assay. It was bound 
to the in vitro-translated AGO1 [Figure 7.5C (a)]. In contrast, no binding activity 
was detected either between GST–HCRSV CP and the in vitro translation product 
of plasmid without the AGO1 gene insert, or between GST protein alone and in 
vitro-translated AGO1 protein. The in vitro-translated AGO1 also did not bind to 
the Glutathione-Sepharose 4B beads directly [Figure 7.5C (a)]. In the washes, the 
in vitro-translated AGO1 were detected in the negative control samples, as it was 
unbound to the Glutathione-Sepharose 4B beads [Figure 7.5C (b)]. Thus, the 
results of in vitro binding assay confirmed that the interaction between HCRSV-





Figure 7.5 Interaction of HCRSV-CP and AGO1 using bimolecular 
fluorescence complementation and in in vitro binding assays. 
(A) Yellow fluorescence observed in kenaf protoplasts transfected with pSAT1-
nEYFP-C1-CP and pSAT1-cEYFP-C1(B)-AGO1 (upper 3 panels) under a 
confocal microscope. No fluorescence was observed in negative control of kenaf 
protoplasts that were co-transfected with pSAT1-nEYFP-C1 and pSAT1-cEYFP-
C1(B), pSAT1-nEYFP-C1 and pSAT1-cEYFP-C1(B)-AGO1, pSAT1-nEYFP-
C1-CP and pSAT1-cEYFP-C1(B), (lower 3 panels). Bar = 2 µm. (B) Verification 
of expression of pGEX-4T-1-GST-HCRSV-CP and western blot of purified 
HCRSV-CP. GST-HCRSV-CP was purified through Glutathione Sepharose 4B 
beads (GE healthcare); Coomassie blue stained 10% SDG-PAGE gel (left panel). 
Western blot using anti-HCRSV antibody (right panel). (C) Interaction of GST-
CP + AGO1 using in vitro binding GST pull down assay. The mixture of AGO1 + 
GST-CP and mixture of negative control AGO1 + GST, or GST-CP + in vitro 
translated products from pGEM TA vector, or in vitro translated AGO1 alone, 
were incubated with Glutathione Sepharose 4B beads for 1 h at 4 °C. (a) elute; 
biotinylated labeled in vitro translation product AGO1 was only detected from the 
mixture of GST-CP + AGO1. (b) wash; biotinylated labeled in vitro translation 
product AGO1 was detected from the mixtures of GST-CP + AGO1, or GST + 




      
     Since disease symptoms can be caused by viral silencing suppressors that 
interfere with cellular process regulated by RNA silencing, plausible roles for a 
gene silencing suppressor HCRSV-CP which is involved in plant growth 
retardation were further investigated. The four miRNAs (miR165, miR167, 
miR168 and miR171) and their target genes were also previously investigated in 
the CMV and TAV infected plants. Although their selected miRNAs (including 
the four miRNAs used in this study) displayed fluctuations after CMV and TAV 
infections, the changes of their target mRNAs were comparable, suggesting a 
similar mechanism in perturbing miRNA pathways (Feng et al., 2009). An in-
depth analysis of transgenic Arabidopsis expressing constitutively three unrelated 
gene silencing suppressors, namely HcPro, P19 and P15, have comparable effects 
on known miRNAs, which is similar to those observed using dcl1 mutants. 
Further investigations pointed to the misregulation of the miR167 target ARF8 as 
a major cause for the developmental aberrations exhibited by viral suppressor of 
RNA silencing Jay et al., 2011 transgenic plants ( ). Arabidopsis expressing the 
HCRSV-CP transgene showed similar developmental defects as those of mutants 
lines rdr6-11 and dcl4-2 (Meng et al., 2008). Within 30 days of HCRSV infection, 
two of the four miRNAs and their corresponding target genes indeed fluctuated 
significantly. Two miRNAs (miR171 and miR168) reached the highest expression 
levels around 10 dpi, followed by declined expression until 30 dpi. In contrast, 
their target genes correspondingly displayed opposite expression patterns. Similar 
expression profiles were also observed in CMV- and TAV-infected plants (Feng 
et al., 2009).   
AGO1 is involved in the miRNA pathway which plays essential roles in 
regulating plant development. The gene transcript of AGO1 was upregulated after 
SO was transiently overexpressed and after HCRSV infection. Since SO plays 
essential role in the sulfur metabolism pathway, the strong interaction between 
HCRSV-CP and SO suggests the strategy applied by a virus to facilate its survival 
 165 
 
in the host plant. The fluctuations of two selected miRNAs miR168 and miR171, 
together with elevated level of AGO1, regulates the respective target genes and 
resulted in plant growth retardation (Figure 7.6). Co-regulation of miR168 and 
AGO1 gene and stabilization of miR168 by AGO1 are two regulatory processes 
required to maintain AGO1 at a certain level, and disrupting any of these 
regulatory processes disturbs a proper functioning of the miRNA pathway 
(Vaucheret et al., 2006). If the AGO1 was overexpressed, the small RNA 
regulated RISC complex silencing effect would be increased, causing  
downstream targeted genes displaying significant less gene expression or protein 
translation, and vice versa. CMV 2b protein inhibits AGO1 cleavage and 
suppresses AGO1-meidated slicing to counter plant defense (Zhang et al., 2006c; 
Duan et al., 2012). The RNA silencing suppressor protein P0 triggers AGO1 
degradation by an autophagy pathway (Derrien et al., 2012). As a gene silencing 
suppressor, HCRSV-CP may also be involved in the RISC pathway. The CP P38 
glycine/tryptophane (GW) residues of Turnip crinkle virus bind directly and 
specifically to Arabidopsis AGO1 and play an important role in endogenous 
miRNA-mediated silencing (Azevedo et al., 2010). As HCRSV-CP also possesses 
the GW residues, we speculate that the same mechanism probably applies in 
binding to AGO1 in kenaf. By interacting with AGO1 and modulating its gene 
transcript expression, HCRSV-CP causes fluctuations of other miRNAs and their 






Figure 7.6 A proposed model for miRNA fluctuation resulting in plant 
growth retardation in kenaf after HCRSV infection.  
Synthesis of mature miRNAs comes from digestion of primary miRNAs (pri-
miRNA) by Dicer-like proteins (DCLs). HCRSV infection leads to upregulation 
of SO which in turn upregulates argonaute 1 (AGO1) which feedback regulates 
miR171. The miR171 fluctuation leads to its target gene scarecrow-like protein 
(SCL1) to change accordingly, leading to growth retardation of HCRSV-infected 
plants. The target genes of miR165, miR167 and miR168 are phabulosa (PHB), 
auxin response factor 8 (ARF8) and AGO1, respectively. Both PHB and ARF8 are 
not effectively regulated by miR165 and miR167 in kenaf and therefore they do 




     In conclusion, HCRSV-CP upregulates AGO1 indirectly through 
overexpression of SO. Downregulation of AGO1 and SCL1 by miR168 and 
miR171 are significantly correlated to growth retardation of HCRSV-infected 
plants. In addition, the interaction between HCRSV-CP and AGO1 may also 
contribute to miRNAs fluctuations which are correlated to plant growth 
retardation after HCRSV infection. It is envisaged that other miRNAs may also 
play similar roles in pathogen-host interactions and resulted in different diseases 




Chapter 8 Conclusion and further work 
 
8.1 Conclusion  
       The novel open reading frame p23 in the HCRSV which belongs to Family 
Tombusviridae Genus Carmovirus was found to be localized in the nucleus. In 
addition, a novel nuclear localization signal (NLS) was discovered in p23. Any of 
the basic aa mutations in the NLS region which abolished p23 nuclear localization 
also inhibit HCRSV long distance movement. Besides the nuclear localization of 
p23 protein, the mechanisms of a plant virus HCRSV entering nucleus were also 
studied. HCRSV genome was found to be present in the nucleus. Generally, DNA 
viruses replicate within nucleus, while most RNA viruses, especially (+)-sense 
single-stranded RNA, replicate and are present within cytoplasm. The presence of 
(+)-sense single-stranded virus (non-retroviral) RNA genome in the nucleus is 
contradicts to the common notion. How does the RNA geonome enter nucleus? 
The NLS of p23 interacts with importin α and facilitates viral RNA genome to 
enter nucleus. The reason for RNA genome present in the nucleus is that it was 
used to generate viral microRNAs (vir-miRNAs). Five putative vir-miRNAs were 
predicted from HCRSV using the vir-miRNAs prediction database. The vir-
miRNA (hcrsv-miR-H1-5p) was detected in HCRSV-infected kenaf leaves.  
      The symptoms are the result of host-virus interference, which may disrupt 
host physiology, causing observed disease symptoms. It was observed that 
HCRSV infection can cause kenaf (Hibiscus cannabinus L.) plant growth 
retardation. Furthermore, our previous published results showed the HCRSV-CP 
interacts with sulfite oxidase (SO). The upregulation of SO, which is caused by 
the interaction of HCRSV-CP and SO, can upregulate two upstream enzymes 
ATP sulfurylase (ATPS) and sulfate transporter (SULTR) that are involved in the 
sulfur enhanced defence (SED) pathway. MiR395, which targets genes ATPS and 
SULTR, is the only reported microRNA (miRNA) to be involved in the sulfur 
metabolism pathway. ATPS and SULTR are two enzymes involved in producing 
glutathione and transporting sulfate in the SED pathway. The miR395 and its 
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target genes ATPS and SULTR were found to be upregulated or downregulated 
when SO was overexpressed or silenced, respectively. Therefore, these results 
demonstrated that upregulation of ATPS and SULTR which are the consequences 
of SO accumulation facilitates the SED effect. For verification of SED in the 
HCRSV-infected kenaf plants, an established method was broadened to include 
different concentrations of sulfur (0S, 1S, 2S and 3S representing 0 mM MgSO4 + 
0 mM Na2SO4; 0.25 mM MgSO4 + 0.63 mM Na2SO4; 0.50 mM MgSO4 + 1.25 
mM Na2SO4 and 1.00 mM MgSO4 + 2.50 mM Na2SO4,
     The argonaute 1 (AGO1) gene was also upregulated upon SO overexpression 
which results from the interaction of HCRSV-CP and SO. The results showed that 
the transcript level of AGO1 was upregulated in the SO overexpressed kenaf 
leaves, which is similar to the HCRSV-infected plants. These results indicate that 
the upregulation of AGO1 mRNA is due to the SO overexpression after HCRSV 
infection. Given the mRNA transcripts encoding the DCL1 and AGO1 component 
of RISC are themselves targets of miRNAs (miR162 and miR168, respectively), 
so the feedback mechanisms are apparent in the miRNA  pathways (
 respectively) to correlate 
them to symptom development of HCRSV-infected plants. The plants were 
treated with glutathione and its inhibitor L-buthionine-(S,R)-sulfoximine (BSO) 
to verify the SED effect. Disease resistance was induced through elevated 
glutathione contents during HCRSV infection. The upregulation of SO was 
related to suppression of symptom development induced by sulfur treatment. In 
this study, the interaction of HCRSV-CP and SO which in turn triggers SED and 
lead to enhanced plant resistance was demonstrated. Thus, a new function of SO 
in the SED pathway was also discovered. This result is the first report to 
demonstrate that the interaction of a viral protein and host protein to trigger SED 
in plants. It will be interesting if such interaction applies generally to other host-
pathogen interactions that will lead to enhanced pathogen defence.  
Xie et al., 
2003; Khraiwesh et al., 2012). Severe vegetative growth retardation and 
disruption of vascular bundles were observed in the HCRSV-infected plants. Four 
plant developmental related microRNAs (miRNAs) (miR165, miR167, miR168 
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and miR171) and their respective target genes phabulosa (PHB), auxin response 
factor 8 (ARF8), argonaute 1 (AGO1) and scarecrow-like protein 1 (SCL1) 
displayed corresponding fluctuations after HCRSV infection was shown. The 
gene transcript of AGO1 was also upregulated upon SO overexpression which is 
the consequence of the interaction between HCRSV-CP and SO. In addition, the 
interaction between HCRSV-CP and AGO1 further indicates that the HCRSV-CP 
indirectly upregulates AGO1 by regulating SO overexpression. AGO1 which 
feedback regulates plant conserved miRNAs (miR165, miR167 and miR171). 
Downregulation of AGO1 and SCL1 by miR168 and miR171 are significantly 
correlated to growth retardation of HCRSV-infected plants. As mentioned 
previously, HCRSV-CP transgenic Arabidopsis displays abnormal development 
phenotype and it probably interferes with gene silencing at a step after RDR6 
(Meng et al., 2008). 
      It is well known that AGO1 is a protein at the downstream of RDR6 and the 
main component of RISC. In addition, AGO1 is used to interfere with small 
RNAs pathway which can inhibit viral infection. Regarding the viral CP as a gene 
silencing suppressor, this study demonstrated that it can interact with AGO1 for 
interfering with gene silencing pathway. In addition, the interaction of HCRSV- 
CP and AGO1 is also involved in the small RNA pathways. For example, the 
RNA induced silencing pathway is an efficient strategy for enhancing plant 
defense. These results, which have not been demonstrated until this research, 
show that the correlation between plant conserved miRNAs was fluctuated by a 
plant virus infection, leading to host plant growth retardation. Furthermore, as a 
gene silencing suppressor interacting with AGO1, HCRSV-CP is involved in the 
RNA induced silencing pathway for regulating plant growth and defense. 
Regarding AGO1, in addition to its function involving in post transcriptional gene 
silencing (PTGS), AGO1 also affects plant growths which offer an alternative 
interpretation for the versatile function of AGO1. Generally, one key contribution 
of this result is that the upstream causes for inducing SED effect in the HCRSV 
infected plants was uncoverred, which can regulate miRNA expression profiles 
 171 
 
and may be the commonly accepted explanation in the host-pathogen interaction 
field. Another contribution is that these demonstrated that the plausible reasons 
for causing HCRSV infected plants growth retardation. However, the underlying 
mechanism for HCRSV-CP interacting with AGO1 causing fluctuations of 
miRNAs needs further investigation. It will be interesting to extend this study to 
the other pathogen infections causing host growth variations. Small RNAs 
regulate a multitude of biological processes in plants, including development, 
metabolism, abiotic stress response and immunity against pathogens (Katiyar-
Agarwal and Jin, 2010). In addition, increasing evidences suggest that small 
RNAs play a vital role in regulating the interaction of pathogens with plants 
(Navarro et al., 2006; Mlotshwa et al., 2008). The host-bacterium and host-fungus 
interactions, which are related to small RNAs and cause host growth variations, 
will be the possible directions for future investigations.  
        In conclusion, the presence of a (+)-sense single-stranded viral RNA within 
nucleus where viral miRNAs are produced and the interaction of a viral protein 
and host protein to trigger SED in plants have been demonstrated. It will be 
interesting to see if such interaction applies generally to other host-pathogen 
interactions. 
 
8.2 Future work 
1. To investigate the interaction binding sites of SO and HCRSV-CP using co-
crystalization study. Some corresponding mutation sites will be introduced to 
study their crucial roles for protein-protein interactions. 
2. The interaction between HCRSV-CP and SO, as well as HCRSV-CP and 
AGO1 suggests that three of them may form a complex, which is involved in the 
small RNA silencing pathway. 
3. To explore the molecular mechanism of basic aa mutations in p23 inhibit p223 
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